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INTRODUCTION

The incidence of breast cancer has been steadily increasing over the past 50 years, and is now one
of the leading causes of death among American women between the ages of 40-55 (23). Inan
attempt to find the reasons for this steady increase in incidence, both genetic and environmental
factors are being studied. Attention has recently focused on the mechanism by which increased
exposure to and bioaccumulation of these pollutants might have an etiologic role in breast cancer
(13,20,37,59). The polycyclic aromatic hydrocarbons (PAHs) such as 7,12-dimethylbenz(a)-
anthracene (DMBA) are specifically of interest (37). The most proximal event in PAH
tumorigenesis is the binding of the chemicals to a cytosolic aromatic hydrocarbon receptor (AhR)
(10,18,47). The receptor-ligand complex is translocated to the nucleus where it can bind to and
alter the transcriptional level of DNA that has AhR-responsive elements. One battery of enzymes
whose transcriptional induction is a hallmark of DMBA and other PAH exposure is the Phase I
cytochrome P450 enzymes (9,32,37,39,61). These enzymes aid in the oxidative metabolism of both
endogenous substances such as steroids, as well as in the breakdown of exogenous substances such
as drugs, chemical carcinogens, and environmental pollutants. The products formed by this
oxidative metabolism are often reactive oxygen intermediates (61). The potential for increased
levels of oxidative stress within the cell resultant from exposure to environmental carcinogens leads
us to hypothesize that this might activate expression of the NF-«B/Rel family of transcription
factors. This family of factors, which regulates transcription of multiple genes including those
involved in the regulation of cell proliferation, such as the c-myc oncogene implicated in neoplastic
transformation (17,27,31), has been found to be sensitive to the cellular redox state (rev. in 1). In
agreement with this model, we have found that malignant breast cancer cell lines and primary breast
cancer tissue express significant levels of constitutive nuclear NF-kB/Rel activity (53). The
constitutive expression of this factor suggests that NF-xB/Rel may promote aberrant proliferation
and thus play an early role in the etiology of breast cancer. A brief introduction to NF-kB/Rel, in
particular as it relates to this proposal follows.

NF-kB/Rel Family of Transcription Factors

The transcription factor NF-kB was first identified as a protein specific to mature B lymphocytes
that interacted with the B site of the kappa light (L) chain gene enhancer (52). Constitutive nuclear
NF-xB activity appeared to occur only in mature B lymphocytes. In most non-B cells, inactive NF-
kB protein is present sequestered in the cytoplasm with inhibitor proteins termed IxBs (2).
Activation of the NF-xB/IxB complex involves phosphorylation and degradation of IxB (8,24),
allowing for translocation of active NF-xB complex into the nucleus where it can bind to kB
responsive elements. Activation and nuclear localization can be induced by several agents,
including oxidative stress (reviewed in references 1,5,22). NF-xB has been implicated in
transcriptional regulation of a number of cellular genes involved in control of cell proliferation,
adhesion, and in immune and inflammatory responses (1,5,22). These include the oncogene c-myc,
several genes encoding growth or chemotactic factors, interleukins or their receptors, and
metalloproteases and adhesion molecules such as E-selectin, ICAM-I, and VCAM-1. We
demonstrated that the murine c-myc oncogene contains two functional kB sites (16,28). The human
c-myc gene was found to contain similar kB elements (25).

The biochemical characterization of classical NF-kB determined that it is a heterodimer
composed of a 50 kDa (p50) and a 65 kDa (p65) subunit. Cloning and sequencing of p50 and p65
led to the discovery that the binding domains of these factors have homology with an approximate
300 amino acid domain of the v-Rel oncoprotein and was thus termed the Rel homology domain
(RHD), hence this family is termed the Rel or NF-kB/Rel family (21,29,45). In addition to c-Rel,
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other members of the mammalian Rel family include p52 (also called 1yt10) (6,41) and RelB (46).
Rel-related factors bind as hetero- or homodimers that have different activities depending on
subunit composition (58). For example, the p65 subunit is able to potently transactivate promoters
driven by kB elements (31,48). The c-Rel protein, which appears to function in an element specific
fashion, transactivates more moderately (31, 33,35,56). RelB is also a potent transactivator but only
functions as a heterodimer (15,46). The overall effect within a cell is determined by the balance of
dimers expressed, and is specific to the gene of interest.

Activation of NF-kB involves release from an IkB molecule and transit to the nucleus. Most
studies have focused on the predominant IxB species, IxkB-o (43). Several groups have
demonstrated a role for CK2 in basal phosphorylation of IkB-o (3,34); these findings implicate
CK2 in constitutive activation of NF-xB levels. For induction, phosphorylation, ubiquitination and
degradation of IxB-a. in the cytoplasm leads to release and subsequent nuclear translocation of NF-
kB. The rapid phosphorylation of IkB-a. on serine residues 32 and 36 has been shown to correlate
with NF-xB induction in a number of cells, e.g., if either of these serine residues are mutated,
induction of NF-kB activity is ablated (7). A large, multi-subunit kinase, containing IxB kinase o
and B (termed IKK o and IKK, respectively), has been implicated in the phosphorylation of these
serine residues on IkB-a. protein (36,64). Intracellularly, the phosphorylation of these serine
residues targets the IkB-o. protein for ubiquitination on lysine residues 21 and 22, which marks it
for degradation by the proteosome pathway. Several kinases have been implicated in activation of
the IKK kinase activities via phosphorylation, and thereby to induction of NF-kB. One of these is
the serine/threonine kinase Akt (42); although, there has been some controversy about whether the
effects of Akt are mediated via direct phosphorylation of IKK. Overall, our results indicate
malignant breast cell lines and primary tissue express active Rel factors, including c-Rel, p50 and
p65. Given the potential important role NF-kB/Rel may play in the control of cell proliferation and
survival, we proposed further studies of these factors in breast cancer in this application.

BODY AND CONCLUSIONS

Specific Aim 1: Quantitate and compare the levels of the individual subunits of NF-kB/Rel in
nuclei of normal and transformed breast cell lines and primary human breast cancer tissue.

a) Work from our laboratory on the analysis of NF-xB expression in breast cancer cell lines was
completed during the previous year. Our findings, essentially outlined in the 13T year Progress
Report, have now been published in Carcinogenesis (Kim et al., ref. 65).

b) As discussed above, work from many laboratories has implicated the IKKa and IKK of the IKK
signalsome and CK2 kinases in activation of NF-xB. Thus, in our recent work we have extended
our studies to the analysis of these kinases.

IKK complex kinases are constitutively active in human breast cancer cell lines. To determine
whether breast cancer cells are characterized by an increase of activity of kinase components of the
IKK complex, we first monitored the level of IKK activation. Kinase activity levels in
untransformed MCF-10F human mammary epithelial cells (HMECs), and breast cancer cell lines
Hs578T and carcinogen-transformed D3-1 and BP-1 cells were compared. D3-1 and BP-1 cell lines
were derived from the non-tumorigenic MCF-10F cell by treatment with either the carcinogen
DMBA or BaP, respectively (63). As controls for the kinase assay, Hs578T cells were treated with




TNF-a or transfected with plasmids encoding Flag-tagged dominant negative mutated IKKBSS/AA
or constitutively active mutant IKKBSS/EE. Whole cells extracts were prepared from cultures of the
four cell lines at 70% confluence, and samples containing equal amounts of proteins were
immunoprecipitated with an IKKp kinase specific antibody. Alternatively, a Flag antibody was used
with the transfected cell extracts. One third of the immunoprecipitated material was used in in vitro
phosphorylation assays with full length wild type IkB-o fusion protein (GST-wtlkB-a) as substrate,
and protein was labeled with [y->*P] ATP (Fig. 1A, upper panel). The remainder was subjected to
immunoblotting for IKKp protein or Flag epitope, as indicated (Fig. 1A, bottom panel). Ectopic
expression of the dominant negative IKKP SS/AA resulted in reduced IKK kinase activity as
judged by decreased IkB-o. phosphorylation when compared to expression of IKKBSS/EE (Fig.
1A). This decrease occurred despite the higher total levels of IKKp protein (Fig. 1A, bottom panel),
consistent with a dominant negative effect. The IKK kinase activity in Hs578T was modestly
stimulated by treatment with TNF-a. for 10 min (Fig. 1A). IKK activity was specific for Ser-32 and
Ser-36 of IkB-a because replacement with alanine at both sites in the GST-IxB-o substrate
eliminated phosphorylation (data not shown).

Comparison of the WCEs from the four cell lines indicated IxB-a kinase activity directed by
IKKp was increased in the tumor cell lines compared to MCF-10F (Fig. 1A). When normalized for
level of expression of IKKP protein detected in the immunoblot (Fig. 1A, bottom panel), values
obtained in this and a duplicate experiment for the Hs578T, D3-1 and BP-1 tumor cells were 1.6
and 1.4-, 2.6 and 2.0-, and 1.4 and 1.4-fold, respectively relative to MCF-10F cells. The increases in
all of the cells were statistically significant (p<0.05). A similar analysis was next performed for
IKKo. IKKa kinase activity was significantly lower in the untransformed MCF-10F cells compared
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to all three breast cancer cell lines (Fig. 1B). Immunoprecipitation of IKKa brought down
approximately equivalent amounts of endogenous protein from the four lines (Fig. 1B). Compared
to the MCF-10F cells, Hs578T, D3-1 and BP-1 tumor cells displayed higher IKKa activities in this
and a duplicate experiment of 1.7 and 1.6-fold, 2.0 and 4.2-fold, and 1.9 and 5.0-fold, respectively.
Thus, breast tumor cell lines displayed increased IKKa and IKK kinase activity compared to
untransformed HMECs.

Kinase inactive IKKo or IKKP inhibits NF-kB activity in Hs578T human breast cancer cells.
To assess the role of active IKK kinases in the induction of NF-xB seen in the breast tumor cells,
the effects of inhibition of IKKs on NF-xB activity and binding were evaluated. IKK activity was
modulated by transfection with plasmids encoding kinase-inactive mutants IKKaSS/AA and
IKKBSS/AA. The transcriptional activity of NF-kB was evaluated by co-transfection with a reporter
plasmid driven by wild-type (E8-CAT) or mutated (negative control, dmE8-CAT) NF-«B binding
elements. In Hs578T cells, functional activation of NF-kB was reduced 1.9-fold (p<0.05) upon
transfection with IKKaSS/AA and 2.2-fold (p<0.05) by IKKBSS/AA compared to the cognate
parental vectors (pcDNA3 and pCMV-Neo, respectively). This observation is consistent with the
reduction of IKKs kinase activity in transfected cells seen above (Fig. 1A). Thus, these findings
suggest that IkB-o turnover is mediated both by active IKKa and IKKf.

Kinase inactive IKKp inhibits NF-xB activity in D3-1 and BP-1 human breast cancer cells. We
next sought to determine whether inhibition of the IKK complex in the D3-1 and BP-1 cells could
similarly reduce NF-kB transcriptional activity and selected the dominant negative IKKf. D3-1,
BP-1 and parental MCF-10F cells were co-transfected with the kinase inactive IKKBSS/AA or
parental pPCMV-Neo vectors, and the wt and dm E8-CAT reporter constructs, as above. In the
presence of the parental pPCMV-Neo vector, the two transformed lines displayed higher levels of
NF-kB activity compared to the MCF-10F cells, as expected (Fig. 2). The increase in activity was
greater with the D3-1 than the BP-1 line. NF-xB activity was greatly reduced in D3-1 and BP-1
cells upon transfection with IKKBSS/AA, while no significant change was observed in the MCF-
10F cells (Fig. 2). Thus, inhibition of IKKp activity reduces NF-kB activity in both the D3-1 and
BP-1 transformed breast cancer cell lines.

OpCMV-Neo
M dnlKKbeta

E8/dmE8
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Fig. 2

CK?2 kinase activity is increased in human breast cancer cell lines. CK2-mediated
phosphorylation of IkB-a. in the PEST domain has been implicated in the basal turnover of IxkB-o.
Thus, to explore the potential role of CK2 on NF-kB levels in breast cancer, a CK2 kinase assay
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was developed using IkB-a as a specific substrate. GST fusion proteins of either wild type IxB-a
(GST-wtlkB-o), or mutant A269-317 IkB-a (GST-A2IkB-o), which has a deletion of amino acids
269-317 in the C-terminal PEST domain, were used as positive and negative controls, respectively.
Recombinant CK2 enzyme was assayed in the presence of [y-32P] GTP instead of [y-°P] ATP, since
both ATP and GTP can be used as phosphate donors by CK2 while the IKKs can only use ATP.
Recombinant CK2 phosphorylated GST-wtIxB-a. to a much greater extent than GST-A2IxB-a. (Fig.
3A). Similar results were obtained with an IxkB-o mutant with three point mutations (S283A,
T291A and T299A, GST-3CIkB-a), that had been previously shown to reduce phosphoryl group
transfer by CK2 in vitro (data not shown).

WCEs were next prepared from Hs578T cells and used directly with GST-IxB-o fusion
proteins as substrates in in vitro CK2 phosphorylation assays. Kinase assays demonstrated strong
preferential phosphorylation of GST-wtIkB-o compared to GST-A2IxB-a or GST-3CIkB-a, (Fig
3B). To verify the involvement of CK2, two selective pharmacologic inhibitors of CK2 apigenin or
emodin were used either with cells in culture or cell extracts. Apigenin is a plant flavonoid that has
been shown to be more effective in vitro, although, it can also inhibit intracellular CK2 activity
(69). Hs578T cells were incubated for 2 h in the presence of 20, 40 or 80 puM apigenin or volume of
carrier DMSO equivalent to 80 uM (Fig. 3C, left panel). A decrease of 1.5- to 2-fold in
phosphorylation of GST-wtlkB-o was observed with the extracts. Alternatively, WCEs were treated
with similar concentrations of apigenin (Fig. 3C, right panel). A dose-dependent inhibition was
noted that was more potent than in cells, as seen previously. The natural plant anthraquinone
derivative emodin, has been shown to inhibit CK2 activity by competitively binding to its ATP
binding site (70). Addition of emodin similarly caused a dose-dependent decrease in CK2 activity
both in Hs578T cells or extracts with almost complete inhibition at 25 pg/ml (Fig. 3C). Thus,
apigenin and emodin reduced GST-wtlkB-o kinase activity when added to extracts or to cells in
culture. Furthermore, addition of the CK2 peptide substrate RRREEETEEE effectively reduced
phosphorylation of the GST-wtIkB-a. substrate (data not shown). Thus, the assay for CK2 activity
using GST-IxB-a as a substrate appears to be specific. Furthermore, the results indicate that
Hs578T cells display CK2 IxB-a kinase activity.

We next compared the relative CK2 activity in the untransformed MCF-10F cells with
levels in the BP-1, D3-1, and Hs578T breast cancer cells. The CK2 kinase activity was clearly
higher in all of the tumor cells compared to the MCF-10F line (Fig. 4A). Compared to MCF-10F
cells, the relative increase in CK2 kinase activity was 2.2-, 2.5- and 2.2-fold in Hs578T, BP-1 and
D3-1 cells, respectively. Increased CK2 activity is most often due to increased levels of CK2
protein expression. To assess the relative levels of CK2 protein in the cell lines, immunoblot
analysis was performed for the CK2a subunit of CK2 using the WCEs (Fig. 4B). The Hs578T, D3-
1 and BP-1 cells expressed higher levels of CK2a than MCF-10F cells. Equal loading was
confirmed by analysis for B-actin expression. (A slightly lower B-actin level was routinely detected
in the Hs578T cells, data not shown.) The results from this and a duplicate experiment were
quantified. Compared with the MCF-10F cells, an approximate 2.2+/-0.3-, 1.6+/-0.1- and 1.6+/-0.3-
fold increase in the level of CK2a protein was found in the Hs578T, BP-1 and D3-1 transformed
lines, respectively. Thus IkB-o kinase activity directed by CK2 is increased in these breast tumor
cell lines and this increase can be explained by an increase in levels of CK2a protein.
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Inhibition of CK2 reduces NF-xB activity in Hs578T cells. To evaluate the role of CK2 in the
constitutive levels of NF-kB in breast cancer cell lines, we chose the CK2-selective inhibitor
apigenin. Hs578T cells were incubated for 2.5 h in the presence of 20, 60 or 100 LM apigenin or
with the concentration of carrier DMSO equivalent to 100 uM (- apigenin). Nuclear extracts were
prepared and analyzed for NF-kB binding activity by EMSA (Fig. 5). Two major complexes were
seen in the untreated Hs578T cells. Antibody supershift analysis indicated that complex 2 represents
- P50/RelA and complex 1 is a homodimer of p50 (data not shown), consistent with our previous
observations with this line (65). Apigenin reduced formation of both bands 1 and 2 in a dose-
dependent fashion. Little change was noted at 20 pM, while a substantial decline in the upper
p50/RelA complex was observed at 60 pM. At a concentration of 100 pM, reduced formation of
both complexes was noted. In contrast, little effect was seen on binding of Sp1 (Fig. 5). When these
results were scanned and normalized to the Sp1 binding activity, a 70% decrease in classical NF-xB
was noted with 60 uM apigenin. At 100 uM apigenin, decreases of 95% and 80% in p50/RelA and
p50 homodimers, respectively were observed. We next verified that the NF-«B transcriptional
activity is decreased by inhibition of CK2 using either apigenin or emodin. Following transfection
with vectors expressing an NF-kB element luciferase reporter plus SV40Bgal, for normalization,
cells were incubated overnight, and then treated with either 60 uM apigenin or 25 pg/ml emodin.
The treatments were performed for 6 h to ensure sufficient time for the transcriptional activity to
decline and for decay of the luciferase protein. Apigenin treatment resulted in an approximate 43%
decline in NF-kB activity (39.2 +/- 3.8% and 45.6 +/- 6.1% in two separate experiments). Emodin
treatment caused an approximate 30% drop in NF-kB activity (35.9 +/- 3.6 and 24.9 +/- 1.8% in two
separate experiments). Taken together, these results suggest that inhibition of CK2 leads to a
reduction of nuclear NF-xB binding activity in Hs578T breast cancer cells.

¢) We then focussed on primary human breast cancer tissue specimens, and similarly expanded our
studies to include the IKK and CK2 kinase analyses.

We asked whether these three IxB kinases are activated in primary human breast cancer specimens
and whether NF-kB induction correlates with kinase activation. Two sets of human primary breast
tumors were studied. The pathological characteristics that were available are shown in Table 1.
Nuclear extracts were prepared from frozen breast tumors and used for NF-kB binding by EMSA.
Since potential contamination with hematopoietic cells could significantly affect the analysis, our
strategy was to also test for such contamination using a binding assay for PU.1 and TCF-1, which
are present in B lymphocytes, neutrophils, mast or myeloid cells and T cells. The data obtained
from the analysis of the first group of 6 patient samples is shown in Fig. 6 (and Fig. 7 below), and
Table 1 presents the findings for every PU.1- and TCF-1-negative sample from the two sets
analyzed.

In analysis of the first six specimens, binding of full-length PU.1 protein was detected in
sample #6679 (band 2), and a clipped form of PU.1 protein was detected in patients #6680, #6921
and #6613 (Fig. 6A, left panel), and these findings were confirmed using immunoblot analysis (data
not shown). Compared to Jurkat T cells, only low and comparable levels of binding to TCF-1 was
detected in the tumor extracts (data not shown). Two of the samples (#6731 and #6712) that tested
negative for PU.1, were found to express relatively high levels of NF-kB binding (Fig. 6A, right
panel). The gels were subjected to densitometry and the results of the analysis of all samples that
tested negative for PU.1 and TCF-1 are presented in Table 1.

To identify which NF-xB subunits are present in the nuclear extracts, immunoblot analysis
was performed using antibodies specific for RelA (p65), c-Rel, p50, and p52 (Fig. 6B). Both
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samples #6712 and #6731 displayed nuclear p65 proteins, as did #6679. When c-Rel was assessed,
only #6731 displayed detectable levels of expression. The p50 or p52 subunits were detected in both
patient samples. (The p50 in sample #6712 had a slightly faster mobility than p50 in sample #6731.)
Sample #6731 displayed somewhat more expression of p50 (band 1) than p52, while sample #6712
expressed more p52 than p50 (Fig. 6B). Thus, sample #6731 contains transactivating subunits RelA
and c-Rel while #6712 contains RelA. The data for expression of RelA and c-Rel in the two sets of
patient samples are summarized in Table 1. Essentially all of the tumors tested positive for the p50
or p52 subunit (data not shown). Out of the 10 PU.1/TCF-1-negative breast cancer samples
characterized, 3 displayed only low levels of NF-kB binding, while 1 had a minimally elevated
level and 6 showed substantially elevated levels of NF-kB binding.

Cytoplasmic extracts from tumors of these patients were then tested for CK2 IxB-o kinase
activity, using GST-wtlkB-a. as substrate (Fig. 7A and data not shown). Two of the six primary
tumor samples from the first set of patients showed elevated CK2 IxB-a kinase activity: patients
#6731 and #6712 (Fig. 7A). As a negative control for the kinase assay, two samples were tested
with GST-A2IkB-a as substrate. The extracts failed to phosphorylate this IxB-o. protein containing
a deletion of the PEST domain sequences. Lastly, to confirm the specificity of the assay for CK2,
the selective inhibitor apigenin was added to the reaction with wild type IxkB-o as substrate.
Apigenin dramatically reduced IkB-a phosphorylation with samples #6680 and #6731, confirming
the reactions were mediated by CK2. The results from the two sets of patients were quantified by
densitometry; the data for the PU.1/TCF-1-negative samples are presented in Table 1. Three of the
specimens displayed low levels of CK2 activity (between 231 and 415 densitometry units), while
the remaining specimens had either modestly increased (758 to 1,106 densitometry units) or
substantially elevated levels (1,809 to 6,143 densitometry units) (Table 1). The three specimens
with low CK2 also displayed low or minimally elevated NF-«xB binding. Six samples displayed
elevated levels of CK2 and NF-«xB binding, while only one specimen (#6885) showed high IkB-o
CK2 kinase activity without detectable high NF-«xB nuclear activity.

Activities of the IKK o and IKKP kinases were evaluated following immunoprecipitation
with their specific antibodies, and the data presented in Figures 7B and 7C, respectively. The results
for PU.1/TCF-1-negative tumors are shown in Table 1. Tumor samples #6731 and #8364 exhibited
modestly increased levels of IxB-a kinase activity directed by IKKa, and increased NF-kB binding
activity. Consistent with data obtained with tumor cell lines, increased IKKa: activity in primary
tumors did not seem to be due to increased levels of protein expression (Fig. 7B and data not
shown). In the analysis of IKK kinase activity most of the samples yielded values between
approximately 100 and 300 densitometry units, however, cytosolic extracts from 3 specimens
(#8361, #8364, #8385) displayed greatly elevated IKKp activity (1,164, 1,395 and 980 densitometry
units, respectively). These 3 specimens all displayed high NF-xB binding activity. No
phosphorylation was detected using a mutant of IxB-a. at Ser-32 and Ser-36 as substrate, confirming
the specificity of the kinase assay (data not shown).

CONCLUSIONS: Here we show that human breast cancer cell lines and primary human breast
tumor specimens display elevated CK2, IKKp and/or IKK o IxB kinase activities, which correlate

and are therefore likely responsible for the aberrant NF-kB activation in these primary tumors.
Inhibition of any of these activities in the breast cancer cell lines resulted in reduced functional NF-
kB/Rel. Previously, we demonstrated that primary breast cancer samples from patients are typified
by aberrant activation of nuclear NF-xB. In particular, we observed the presence of nuclear p50,
p65 and c-Rel protein in multiple breast cancer specimens. These results were extended to
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additional patients here. As described below, we have recently identified a signaling pathway,
mediated via Her-2/neu that leads to the activation of NF-kB subunits p50, p65 and p52 in
mammary tumor cells. Overall, our work begins to elucidate the molecular mechanisms responsible
for activation of the NF-kB in breast cancer patients. A manuscript on this work has been accepted
pending revision in Cancer Research: Romieu-Mourez, E. Landesman-Bollag, D.C. Seldin, A.M.
Traish, F. Mercurio, and G.E. Sonenshein. Roles of IKK kinases and protein kinase CK2 in
activation of NF-«kB in breast cancer.
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Table 1. IKK and CK2 kinase activity in primary human breast specimens. N

"NF-xB a Kinase activity®
Patient Tumor type ‘binding” RelA® c-Rel’ IKKo IKKB CK2
6712 Right Infiltrating Ductal Ca. 3939 2578 - 129 . 178 2446
6731 Right Breast Mass 4868 1137 687 432 . 114 1809
© 6885 " 'Notavailable - 114 © - : - 230 316 6143
. '8357 Right Invasive Lobular Ca. 970 = - - - nd 341
8359 Ductal Ca. 646 - - 182 276 415
8360 Left Infiltrating Ductal Ca. =~ 344 - - - 1294 . 231
8361 Right Breast Mass 6022 4764 74 133 1164 1106
8364 Not available 186 1713 - 355 1395 819
8385 Metastatic Ca. 2840 2938 652 247 980 758
6698 Left Breast Mass 3689 - - 137 243 3902

"Table presents results observed with two groups of 6 and 10 primary hunan breast specimens.
Data were normatized to a standard WEHI 231 B cell extract
b . . .
Densitometry. arbitrary units.
"-", no expression‘activity detected
nd, not done
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¢) Determine whether Her-2/neu induces NF-«B.

Overexpression of the epidermal growth factor receptor (EGFR) family member Her-2/neu, seen in
approximately 30% of breast cancers, is associated with poor prognosis. Previously, Her-2/neu had
been shown to signal via a phosphatidylinositol 3 (PI 3)-kinase to Akt/protein kinase B (PKB)
pathway. Since this signaling pathway was recently shown to activate NF-xB, we tested the
hypothesis that Her-2/neu can activate NF-kB in breast cancer. Overexpression of Her-2/neu and
EGFR-4 in Ba/F3 cells led to constitutive PI 3- and Akt kinase activities, and induction of classical
NF-kB (p50/p65) (Fig. 8). Similarly, tumors derived from MMTV-Her-2/neu transgenic mice (Fig.
9) and a tumor cell line isolated from such a tumor (NF639) (Fig. 10 and data not shown) displayed
elevated levels of classical NF-kB (p50/p65). Engagement of Her-2/neu receptor downregulated
the level of NF-«B (data not shown) (see attached proofs of Pianetti et al., in press; ref 73). NF-xB
binding and activity in the cultured cells was reduced upon inhibition of the PI 3- to Akt kinase
signaling pathway via ectopic expression of kinase inactive mutants (Fig. 10), incubation with
wortmannin (data not shown), or expression of the tumor suppressor phosphatase PTEN (Fig. 11,
and see Pianetti et al. in press). Inhibitors of calpain (calpeptin and E64D), but not the proteasome
(MG132), blocked IxB-o degradation following inhibition of protein synthesis upon cycloheximide
(CHX) addition (Fig. 12). The effectiveness of the MG132 was confirmed in analysis of decay of
p27%P!, which occurs via the proteasome (Fig. 12B). Inhibition of Akt did not affect IKK activity
(data not shown, see Pianetti et al., in press).

Conclusions: These results indicate that Her-2/neu activates NF-«kB via a PI 3- to Akt kinase
signaling pathway that can be inhibited via the tumor suppressor PTEN, and is mediated by calpain
rather than the IkB kinase complex. A manuscript is in press in Oncogene on this work (Pianetti et
al., ref 73).

XV o>
A gﬂ’ 5>®5:»$'5'\ "):» B & & &
P TP O &
- A R R B
B . &‘J’\ ,‘6’0‘66% &e%n, 0&
2= :%% i S &
1- w w AN id
2-F4i ! ; 2
L - .
Ba/F3-2+4 ! & 2- j
: : , 1- b P
Aiﬁé % B M p T572
Fig. 8 Fig. 9
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Specific Aim 2: Test the transactivation activity of Rel specific subunits overexpressed in
transformed primary tissue in a breast cell line.

We recently demonstrated that levels of NF-kB and aryl hydrocarbon receptor/transcription factor
(AhR), which mediates malignant transformation by environmental carcinogens, are highly elevated
and appear constitutively active in breast cancer cells (53, 66). Rel factors have been found to
functionally interact with other transcription factors (57). Thus, we tested for the association of AhR
with NF-kB subunits. We now demonstrate a physical and functional association between the RelA
subunit of NF-xB and AhR resulting in the activation of c-myc gene transcription in breast cancer
cells. These experiments were described in our 2" year Progress Report. In brief, we found that
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RelA and AhR proteins were co-immunoprecipitated from cytoplasmic and nuclear extracts of non-
malignant MCF-10F breast epithelial and malignant Hs578T breast cancer cells. In transient co-
transfection, RelA and AhR gene products demonstrated cooperation in transactivation of the c-myc
promoter, which was dependent on the NF-kB elements, and in induction of endogenous c-Myc
protein levels. A novel AhR/RelA-containing NF-kB element binding complex was identified by
electrophoretic mobility shift analysis of nuclear extracts from Rel4 and AAR co-transfected
Hs578T cells. Thus, the RelA and AhR proteins functionally cooperate to bind to NF-«xB elements
and induce c-myc gene expression. These findings suggest a novel signaling mechanism whereby
the AhR can stimulate proliferation and tumorigenesis of mammary cells. A paper on this work has
now been published in Oncogene (Kim et al,, ref. 67). These studies were performed in
collaboration with Dr. David Sherr (School of Public Health, Boston University Medical Center),
who is a world recognized expert in AhR metabolism and function.

In more recent work we have examined the nature of the sequences mediating AhR/RelA
interaction within the NF-xB element. We found that mutation of bases within the core element,
which were shown previously to prevent NF-xB binding (68) similarly prevented binding of the
AhR/RelA complex. These findings are consistent with the major role of the NF-«kB RelA subunit
in binding to this site.

CONCLUSIONS: In summary, our results show a physical and functional association of the AhR
and the RelA subunit of NF-kB in transactivation of the c-myc gene in breast epithelial cells.
Specifically, AhR and RelA were physically associated in malignant Hs578T breast cancer and non-
malignant MCF-10F HMECs. AhR and RelA induced expression of the endogenous c-myc gene in
MCF-10F cells. Using transfection analysis, AhR and RelA cooperated to transactivate the c-myc
promoter in these two lines. As judged by transfection and mobility shift analyses, the RelA and
ARR proteins formed a novel complex that binds to the wild type but not mutant NF-kB element of
the c-myc gene. We postulate it is this complex, binding via the NF-xB element, that transactivates
the c-myc promoter.

Specific Aim 3: Monitor the effects of antioxidants known to inhibit NF-xB/Rel expression on
cellular proliferation of transformed mammary cell lines.

a) Studies demonstrating the inhibitory effects of treatment with the antioxidant pentoxifylline (4)
on growth of MCF-7 and 578T cells have been completed, as reported last year.

b) Green tea extracts have been found to be rich in antioxidants. Thus, we have analyzed the effects
of two active components of green tea extacts, green tea polyphenols (GTP) and (-)-
epigallocatechin-3-gallate (EGCG).
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Green Tea Polyphenols Decrease Growth of Hs578T Breast Cancer Cells. In the clinic, ER
negative tumors are not responsive to anti-estrogenic treatments such as tamoxifen, and generally
indicate a poorer prognosis. Therefore we sought to determine whether treatment with green tea
extracts decreases the growth of ER negative breast cancer cells, and first selected the Hs578T cell
line. Hs578T cells were treated with concentrations of GTPs ranging from 0-160 pg/ml. Cell
growth was assessed every 24 h for a 72 h period by cell numbers using an MTS assay (Fig 13A).
Incubation in the presence of 40 ug/ml GTPs had no detectable effect on Hs578T cell growth
(p=0.95), whereas, 80 pg/ml GTP slowed the growth of these breast cancer cells (p<0.05). No
growth, i.e., no increase in cell numbers, was seen with a higher dose of 160 ug/ml GTP (p<0.01).
Similar effects of GTPs were obtained by cell counting using a hemocytometer (data not shown).
Thus, treatment with GTPs inhibits growth of Hs578T cells in a dose-dependent fashion.

We next assessed the effects of EGCG, one of the more potent anti-carcinogenic
components of GTPs, on growth of Hs578T cells (Fig. 13B). EGCG slowed the growth of the
Hs578T cells in a dose-dependent fashion (p<0.01 at all doses tested). A slower growth was seen at
a EGCG concentration of 40 pg/ml, while no increase in cell numbers was seen at 80 pg/ml EGCG.
At 160 pug/ml EGCG, a decline in cell numbers was observed (Fig. 13B). Thus, both GTP and
EGCG slow proliferation of Hs578T breast cancer cells. A lower concentration of EGCG (80
pg/ml) than GTP mixture (160 pg/ml) was effective in preventing an increase in cell numbers over

time.
The drop in Hs578T cell numbers with the highest dose of EGCG suggested cell death was

occurring. To monitor for cell death, trypan blue exclusion analysis was performed (Fig. 14). To
ensure that floating, dead cells were not lost during the preparation, cells on the dish and in the
media were combined and trypan blue positive and negative cells counted. At 80 pg/ml EGCG, a
low percentage of the Hs578T cells stained trypan blue positive at 24 and 48 h (between 7-8%),
indicating that the cells were largely viable. A substantial increase in the number of dead cells was
seen with 160 pug/ml EGCG (~45% trypan blue positive cells) (Fig. 14). A TUNEL assay indicated
apoptosis was occurring at doses of 80 and 160 pg/ml EGCG (data not shown). Taken together,
these findings indicate that growth of Hs578T cells begins to slow at 40 pg/ml EGCG, while higher
doses of 80-160 pg/ml EGCG inhibit growth and/or cause apoptosis of Hs578T breast cancer cells.

EGCG Slows Growth of Multiple ER Negative Breast Cancer Cell Lines. To determine whether
the growth inhibitory effects of EGCG could be extended to other ER negative cells, the MDA-MB-
231 and D3-1 breast cancer cell lines were selected. MDA-MB-231 cells displayed an EGCG dose-
response curve similar to that of Hs578T cells (Fig. 13C), while the D3-1 cells were somewhat
more sensitive (Fig. 13D). The apparent higher sensitivity of the D3-1 line was extended to trypan
blue analysis, and a significant level of cell death was detected even at 80 pg/ml, and 90-100% of
the cultured cells had died within 48-72 h of incubation in the presence of 160 pg/ml EGCG. Thus,
EGCG slows growth and induces death of ER- breast cancer cell lines in a dose-dependent fashion.

p27%"® Cyclin-Dependent Kinase Inhibitor Expression is Induced by EGCG Treatment. Since
the p27°P' CKI has been implicated in control of cell cycle progression, we measured the effects of
EGCG treatment on the levels of p27°?' CKI protein in Hs578T cells. Cultures of exponentially

growing cells were treated for 24 h with 40 or 80 pg/ml EGCG, as appropriate to inhibit cell

proliferation. Whole cell extracts were prepared and subjected to immunoblot analysis for p27%P!
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protein expression (Fig. 15A). A small increase in the p27Kipl levels was observed in response to

treatment with 40 pg/ml EGCG (1.5-fold relative to untreated control cells), which causes a slight
decrease in growth. A larger increase in p27<"*" level was noted with 80 pg/ml EGCG (2.8-fold
relative to untreated cells). We then assessed the effects of a longer (48 h) period of EGCG treatment
(Fig. 15B). Growth for 48 hours alone resulted in an increase in p275P! levels, likely due to the
increase in cell density (2.8-fold). EGCG treatment clearly elevated the p275"P! levels even further
(5.5-fold). Thus, growth arrest of HS578T cells in response to EGCG treatment is accompanied by
an increase in the level of expression of the CKI p27°*".

0 40 80 EGCG (ug/ml)
P27 -

B-actin s il

0 48 48 post-treat (h)

0 0 80 EGCG (ug/ml)
p27 i i -

Fig. 15 B-actin e e

Ectopic Expression of p27%"! Arrests Growth of Hs578T Cells. To determine the role of
induction of p27°"' protein in Hs578T breast cancer cell, the LacSwitch inducible expression system
was used. Mixed populations of stable Hs578T-p27S and Hs578T-neo population of cells were
isolated. Since we have found that the response of the mixed populations is relatively minimal due to
the presence of cells expressing only low levels, three single cell clones of Hs578T- p27S cells were
isolated by limiting dilution (Hs578T-p27S #2, #3, #4). To test for induction of p27"! expression,
the mixed populations of Hs578T-p27S and Hs578T-neo cells, and the three Hs578T- p27S clones
were treated with 0, 10 or 20 mM ITPG, as indicated (Fig. 16A). Total cellular proteins were
extracted and samples subjected to immunoblot analysis for p27K'pl expression. A very high level of
induction of the p27<"! protein was detected in the Hs578T-p27S cells at both concentrations of
IPTG (Fig. 16A, upper panel). In contrast, control Hs578T-neo cells showed essentially no
induction of the p27"' protein. As expected, the Lac I repressor protein was detected at high levels
in extracts from both cell populations, confirming equal loading (Fig. 16A, lower panel). One of
these clones (Hs578T-p27S #3) showed a very high level of p27%"! induction upon 10 mM IPTG
treatment (Fig. 16B, upper panel); whereas, the two other clonal isolates (Hs578T-p27S§ #4, and
Hs578T-p275#2) displayed no significant increase in p275"! levels (Fig. 16B, lower panel and data
not shown). Thus, we selected the Hs578T-p27S mixed population and Hs578T-p27S #3 for study
of the effects of p27°"?! induction on cell cycle, while the Hs578T-neo mixed population and
Hs578T-p278 #4 cells served as negative controls.

The Hs578T-p278, Hs578T-neo, Hs578T-p27S #3 or Hs578T-p27S #4 cells were treated, in
triplicate, with IPTG for 24 h and analyzed on a Becton-Dickson FACScan flow cytometer.
Approximately, 64.4 +/- 0.4 % of the Hs578T-p27S cells treated with IPTG were in the GO/G1 state,
compared to 57.2 +/- 1.9 % when untreated. As expected, the Hs578T-neo cells had essentially

17




€1 314

QA o - - -0 o o & ©

(WU(GH) dULYIOSqY

)

a

(

8

(wuged) Rueqrosqy

(uruggh) duRqIOSqY

S

(uagey) dueqIosqy

(

N

18




% Trypan Blue Positive Cells '

60

50 7

40

30

207

Y

19




equivalent cell cycle distribution in the presence or absence of IPTG (56.0 +/- 1.1 vs 58.4 +/- 1.1).
IPTG treatment of Hs578T-p27S #3 cells resulted in GO/G1 arrest of 82 +/- 0.5 %, compared to 62.5
+/- 1.9 % in untreated cells. Clone Hs578T-p27S #4 cells, which showed no induction of p275P!
levels, displayed no significant difference in the cell cycle distribution with respect to IPTG
treatment (60.6 +/- 1.0 vs 60.6 +/- 1.6). Taken together these results indicate the induction of the
p27K“°1 protein participate in the GO/G1 arrest of Hs578T breast cancer cells.

CONCLUSIONS: In summary, two components of green tea extracts, GTP and EGCG, which have
been shown to have antioxidant properties, inhibit growth of multiple ER- breast cancer cell lines.
Slower growth could be related in part to induction of p27%P protein, which causes an arrest of cells
at the G1/S phase transition. Furthermore, in work supported by a previous DOD grant (DAMD17-
94-J-4468), we showed that green tea extracts given to S-D rats in their drinking fluid significantly
decreased carcinogen-induced tumor burden and invasiveness and significantly increased latency to
first tumor. These observations provide both in vivo and cell culture evidence in support of a role
for green tea components in chemoprevention and, possibly, chemotherapy of breast cancer. A
manuscript (Kavanagh et al., ref. 72) has been accepted in the Journal of Cellular Biochemistry on
this work.
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Fig. 16 Lacl §

Specific Aim 4: Use transgenic mice to test the contribution of constitutive NF-xB/Rel subunit
expression in the development of breast neoplasias.

a) During the previous period, we completed the generation of the MMTV-c-Rel mouse lines. This
includes the previously described preparation of the construct, microinjection of mice, and
identification of founders via Southern blotting. The mouse mammary tumor virus long terminal
repeat (MMTV-LTR) is a hormonally responsive regulatory element that can direct expression of
genes to the mammary epithelium as well as to other epithelial tissues. It is activated by
corticosteroids and progestins; thus exogenous genes expressed in transgenic mice using the
MMTV-LTR as a promoter are upregulated in females with each cycle of pregnancy. Using timed
pregnancies, the overexpression of c-Rel protein in transgenic mice was demonstrated as indicated
in the previous report via immunoblotting of nuclear extracts obtained from female mice at 18.5
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days of pregnancy. In the course of our analysis of expression, we obtained 8 mammary tumors in
four lines of mice at an approximate age of 20.5 months. We are now in the process of breeding two
of these lines to obtain 25 female mice to test for percentage of tumor formation. They will be
maintained for a 2-year time period. These are being bred with male MMTV-CK2 mice to induce
the transgene and to obtain c-Rel/CK2 bitransgenic mice for studies of the effects of overexpression
of c-Rel and CK2 on mammary tumor formation. This work will be continued under the aegis of
the recently awarded grant: NIH/NCI RO1 CA82742.

KEY RESEARCH ACCOMPLISHMENTS

e Demonstrated elevated basal levels of IKK and CK2 kinase activity in breast cancer cell lines
and tumor specimens, and the involvement of these kinases in maintenance of aberrant
expression of NF-xB.

e Demonstrated overexpression of Her-2/neu leads to induction of classical NF-xB via a PI3-
kinase to Akt signaling pathway that can be inhibited by the tumor suppressor PTEN. This
pathway leads to degradation of IxB-a. via calpain.

e Showed a physical association of the aromatic hydrocarbon receptor/transcription factor (AhR)
and the RelA subunit of NF-kB in breast epithelial cells.

e Demonstrated two components of great tea extracts, GTP and EGCG, inhibit growth of multiple
ER negative breast cancer cell lines in culture and reduce carcinogen-induced mammary tumor
burden in female Sprague-Dawley rats.

e Prepared and obtained tumors in MMTV-c-Rel transgenic mice. These animals will be used for
in vivo study of the role of constitutive NF-xB expression in the etiology of breast cancer.

REPORTABLE OUTCOMES
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Abstracts/Posters:
Quadri SA., Kim DW, Gazourian L, Sonenshein GE and Sherr DH. (2000) The aryl hydrocarbon

receptor/transcription factor (AhR) and the Rel A Nuclear Factor-kB subunit cooperate to
transactivate the c-myc promoter. Toxicol. Sci, 54, 11.

Quadri, S.A., Trombino, A.F., Matikainen, T, Perez, G.I, Tilly, J.L., Kim, D.W., Sonenshein, G.E.,
Sherr, D.H. 2001. Cell growth, death, and NF-kB regulation by the aryl hydrocarbon receptor.
Toxicol. Sci. In Press.

Romieu-Mourez, R., Kim, D.W., Sovak, M.A., Zanieski, G., Lau, A.W., Hafer, L.J., Rogers, A.E.,
Landesman-Bollag, E., Seldin, D.C., Russo, J., and Sonenshein, G.E., NF-xB/Rel activation in
breast cancer occurs early and is mediated by aberrant kinase activity. Oncogene Meeting, 2000

DOD Breast Cancer meeting, June 8-11, 2000
Landesman-Bollag, E., R. Romieu-Mourez, G.E. Sonenshein, and D.C. Seldin. Protein Kinase CK2

in Mammary Gland Tumorigenesis. Keystone Meeting on Breast Cancer, March 2000

D.W. Kim, M.A. Sovak, G. Zanieski, G. Nonet, R. Romieu-Mourez, A.W. Lau, L. J. Hafer, P.
Yaswen, M. Stampfer, A.E. Rogers, J. Russo, and G.E. Sonenshein. Activation of NF-xB/Rel
Occurs Early During Neoplastic Transformation of Mammary Cell. Mammary Gland Gordon
conference, June 6-11, 1999

Oral Presentations:

4/28/00: The roles of NF-kB in control of cell proliferation, survival and neoplastic transformation.
Maine Medical Center Research Institute, South Portland ME.

5/5/00: The roles of NF-xB in control of cell proliferation, survival and neoplastic transformation.
Eli Lilly, Indianapolis. IN

9/13/00: The roles of NF-kB in control of cell proliferation, survival and neoplastic transformation.
University of Texas Health Science Center at San Antonio, San Antonio TX

10/30/00: The roles of NF-xB in control of cell proliferation, survival and neoplastic
transformation. Biology Department, Boston University, Boston MA

Mouse lines:
Prepared MMTV-c-Rel transgenic mice for in vivo study of the role of NF-«B in the etiology of

breast cancer

Degrees obtained:
Dong W. Kim, Ph.D. degree (returned to medical school to complete MD degree).

Funding received based on work supported by this award:

“Role of NF-kB/Rel in the Pathogenesis of Breast Cancer”, G.E. Sonenshein (PI); NIH/NCI; RO1
CA82742, 9/1/99-6/30/04: Specific Aims: 1) Determine the functional role of constitutive NF-
kB/Rel activity in breast cancer cells, using transgenic mice expressing a NF-kB subunit and IxB-a;
2) Evaluate the kinase activity in tumor cell lines in culture; 3) Determine the functional role of the
c-myc oncogene as a target of NF-kB/Rel activation in development of breast neoplasias, including
signals mediating growth, apoptosis and neoplastic transformation of cells; 4) Determine whether
aberrant activation of NF-xB/Rel occurs prior to neoplastic transformation in human breast disease
using immunohistochemistry of primary premalignant atypical hyperplasia.

Funding applied for based on work supported by this award (This grant application received a score
of 18% and is likely to be funded.):
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“Mechanisms of PAH-induced Mammary Tumorigenesis”, David Sherr (PI) NIEHS; RO1 ES10435
Specific Aims: 1) Generate transgenic mice in which high level AhR expression is directed to
mammary tissue and use these mice to determine the effects on mammary development and
neoplasia; 2) Determine AhR function in transformed human breast cancer cell lines including the
effects of AhR and p65 interaction.

Conclusions:

Here we have demonstrated that human breast cancer cell lines and primary human breast
tumor specimens display elevated CK2, IKKf and/or IKKa. IxB kinase activities. Inhibition of any
of these activities in the breast cancer cell lines resulted in reduced functional NF-kB/Rel. Overall,
these activities correlate with, and are therefore likely responsible at least in part for, the aberrant
NF-«xB activation in human breast cancer. Furthermore, we have shown Her-2/neu that leads to the
activation of NF-xB subunits p50, p65 and p52 in mammary tumor cells via a PI3-kinase to Akt
signaling pathway. Previously, we demonstrated that primary breast cancer samples from patients
are typified by aberrant activation of nuclear NF-kB. In particular, we observed the presence of
nuclear p50, p65 and c-Rel protein in multiple breast cancer specimens. These results were
extended to additional patients here. Overall, our work begins to elucidate the molecular
mechanisms responsible for activation of the NF-kB in breast cancer patients.

Our studies show a physical and functional association of the AhR and the RelA subunit of
NF-kB in transactivation of the c-myc gene in breast epithelial cells. Specifically, AhR and RelA
were physically associated in malignant Hs578T breast cancer and non-malignant MCF-10F
HMECs. AhR and RelA induced expression of the endogenous c-myc gene in MCF-10F cells.
Using transfection analysis, AhR and RelA cooperated to transactivate the c-myc promoter in these
two lines. As judged by transfection and mobility shift analyses, the RelA and AhR proteins formed
a novel complex that binds to the wild type but not mutant NF-kB element of the c-myc gene. We
postulate it is this complex, binding via the NF-kB element, that transactivates the c-myc promoter.

Two components of great tea extracts, GTP and EGCG, which have been shown to have
antioxidant properties were shown to inhibit growth of multiple ER- breast cancer cell lines. Slower
growth could be related in part to induction of p275" protein, which causes an arrest of cells at the
G1/S phase transition. Furthermore, in work supported by a previous DOD grant (DAMD17-94-J-
4468), we showed that green tea extracts given to S-D rats in their drinking fluid significantly
decreased carcinogen-induced tumor burden and invasiveness and significantly increased latency to
first tumor. These observations provide both in vivo and cell culture evidence in support of a role
for green tea components in chemoprevention and, possibly, chemotherapy of breast cancer.

Lastly, we have prepared a mouse model to evaluate the functional role of NF-xB in
mammary tumorigenesis. In this model, c-Rel subunit has been put under the control of the MMTV
promoter to evaluate the effects of maintenance of expression of NF-kB activity. These mice have
begun to bear mammary tumors.
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NF-kB/Rel is a family of transcription factors which are
expressed in all cells; however, in most non-B cells, they
are sequestered in the cytoplasm in inactive complexes with
specific inhibitory proteins, termed IxBs. We have recently
shown that NF-kB/Rel factors are aberrantly activated in
human breast cancer and rodent mammary tumors, and
function to promote tumor cell survival and proliferation.
Here, we have examined the time-course of induction of
NF-xB/Rel factors upon carcinogen treatment of female
Sprague-Dawley (S-D) rats in vivo and in human mammary
epithelial cells (HMECsS) in culture. We observed that NF-
xB/Rel activation is an early event, occurring prior to
malignant transformation. In S-D rats, increased NF-xB/
Rel binding was detected in nuclear extracts of mammary
glands from 40% of animals 3 weeks post-treatment with
15 mg/kg 7,12-dimethylbenz[a]anthracene (DMBA); this is
prior to formation of tumors which normally begin to be
detected after 7-9 weeks. In non-tumorigenic MCF-10F
cells, in vitro malignant transformation upon treatment
with either DMBA or benzo[a]pyrene (B[a]P) resulted in
a 4- to 12-fold increase in activity of classical NF-xB (p65/
p50). NF-xB induction was corrrelated with a decrease in
the stability of the NF-xB-specific inhibitory protein IxB-
o. Ectopic expression of the transactivating p65 subunit of
NF-xB in MCF-10F cells induced the c-myc oncogene
promoter, which is driven by two NF-xB elements, and
endogenous c-Myc levels. Furthermore, reduction mammo-
plasty-derived HMECs, immortalized following B[a]P expo-
sure, showed dysregulated induction of classical NF-xB
prior to malignant transformation. Together these findings
suggest that activation of NF-xB plays an early, critical
role in the carcinogen-driven transformation of mam-
mary glands.

Introduction

NF-kB/Rel is a family of dimeric transcription factors distingu-
ished by the presence of a Rel homology domain of about 300

Abbreviations: B[a]P, benzo[a]pyrene; CAT, chloramphenicol acetyltrans-
ferase; DMBA, 7,12-dimethylbenz[ajanthracene; EMSA, electrophoretic
mobility shift analysis; HMECs, human mammary epithelial cells; PAHs,
polycyclic aromatic hydrocarbons; S-D, Sprague-Dawley.

© Oxford University Press

amino acids in length which determines much of its function.
Classical NF-xB is a heterodimer composed of p65 and p50
subunits (1). Other members of the mammalian Rel family
include c-Rel, p52 (also called lyt10) and RelB. The p65 and
RelB, and c-Rel subunits, have either potent or moderate
transactivation potential, respectively, whereas the p50 and
p52 subunits bind avidly, but have only modest transactivation
abilities (1). In most cells, other than B lymphocytes, NF-xB/
Rel proteins are sequestered in the cytoplasm, bound to one
of the specific inhibitory proteins, termed IxBs, of which IxkB-
o is the paradigm. A variety of agents can induce NF-kB/Rel
(2). Activation of NF-xB involves phosphorylation, followed
by ubiquitination and proteosome-mediated degradation of
IxB, which allows for translocation of active NF-xB complex
into the nucleus where it can bind to kB responsive elements
2).

NF-xB/Rel has now been established as a factor promoting
survival from apoptosis (3). An anti-apoptotic function for
constitutively expressed NF-kB/Rel factors has been demon-
strated in several cell types, including B lymphocytes (4,5)
and hepatocytes (6,7). Several groups also found that induction
of NF-xB/Rel upon treatment with tumor necrosis factor o
(TNF-o), radiation and chemotherapeutic agents can protect
cells from apoptosis (8-11). More recently, we showed that
aberrant activation of NF-kB/Rel occurs in human breast
cancer cells and that specific inhibition of this activity leads
to the induction of apoptosis (12). There is also increasing
evidence that the NF-xB/Rel family is important in control of
cell proliferation and oncogenesis, e.g. correlation of factor
activation has been reported in various types of cancer (13).

It has been suggested that some of the rise in breast cancer
rates reflects increased exposure to and bioaccumulation of
lipophilic environmental pollutants such as polycyclic aromatic
hydrocarbons (PAHs), like benzo[a]pyrene (B[a]P), and related
organochlorines (14). This hypothesis has been drawn, in part,
from epidemiologic studies associating elevated breast cancer
rates with PAH exposure (15-18) and from studies demonstrat-
ing increased levels of aromatic hydrocarbons in breast carcin-
omas (19,20), and in sera from breast cancer patients (18).
Furthermore, many studies have shown that PAHs can cause
malignant transformation of rodent models in vivo (21) and
human mammary epithelial cells (HMECs) in vitro (22). For
example, in Sprague-Dawley (S-D) rats, a single intragastric
dose of DMBA induces mammary tumors within 7-20 weeks
(21). While much has been learned about the effects of
carcinogen treatment on gene activation and DNA adduct
formation (23), the exact molecular mechanism(s) by which
this transformation occurs has yet to be elucidated. Recently,
we observed that NF-xB/Rel factors are aberrantly activated
in 86% of the mammary tumors induced by DMBA-treatment
of S-D rats compared with the normal mammary glands of
the age-matched, vehicle-treated control animals (12). Here,
we have examined the time course of carcinogen-mediated
induction of NF-kB/Rel using the S-D rat model and the
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in vitro treated HMECs. We show that NF-xB/Rel activation
occurs prior to malignant transformation, suggesting it plays
an early and potentially important role in the progression of
breast epithelial cells towards a malignant phenotype.

Materials and methods

Cell growth and treatment conditions

Hs578T tumor cell line was derived from a carcinosarcoma and is epithelial
in origin (24). MCF-10F (HMECs) were established from a patient with
fibrocystic disease and do not display characteristics of a malignant phenotype
(22). These cells represent a non-tumorigenic, immortally transformed cell
line. The D3-1 and BP-1 lines were derived by DMBA- and B[a]P-mediated
transformation of MCF-10F cells, respectively (22), and were cultured
as published previously (22). 184 HMEC strain, derived from reduction
mammoplasty tissue, and the 184A1 cell line, which emerged from 184
HMECs after exposure to B[a]P, were cultured as described (25). These
HMECs were arrested in Gy by exposure for 48 h to medium lacking EGF
and containing the anti-EGF receptor antibody, Mab 225, as described
previously (26). For IxB-o protein turnover assays, exponentially growing
cells were treated with 20 pg/ml emetine (Sigma Chemical Co., St Louis,
MO) and cytoplasmic extracts (50 Lg/sample) subjected to immunoblot
analysis with the IxB-a antibody (sc# 371; Santa Cruz Biotechnology, Santa
Cruz, CA), essentially as described previously (12).

Electrophoretic mobility shift analysis (EMSA)

Nuclear extracts were prepared from breast cancer cells essentially as described
previously (12). Briefly, cells were washed twice with ice-cold PBS (Ca’*
and Mg?" free) containing protease inhibitors [0.5 mM dithiothreitol (DTT),
0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 10 pig/ml leupeptin (LP)].
They were then resuspended in 1 ml of cold hypotonic RSB buffer (10 mM
NaCl, 3 mM MgCl,, 10 mM Tris pH 7.4) containing 0.5% NP-40 detergent
plus protease inhibitors as above. Following a 15 min incubation on ice,
the cells were dounce homogenized until cell lysis occurred. Nuclei were
resuspended in two packed nuclear volumes of extraction buffer C (420 mM
KCl, 20 mM HEPES pH 7.9, 1.5 mM MgCl,, 0.2 mM EDTA, 20% glycerol)
plus protease inhibitors as above, and incubated on ice for 30 min. Protein
concentration was determined using the Bio-Rad protein assay, following the
manufacturer’s directions (Bio-Rad Laboratories, Hercules, CA). The sequence
of the NF-kB-containing oligonucleotide from the c-myc gene (27) is as
follows: 5'-GATCCAAGTCCGGGTTTTCCCCAACC-3', where the under-
lined region indicates the core binding element. The sequences of the
PU.1- and TCF-1-containing oligonucleotides are as follows, PU.1: 5'-
GATCTACTTCTGCTTTTG-3'; TCF-1: 5'-GGGAGACTGAGAACAAAGC-
GCTCTCACAC-3’ (28). For labeling of the double-stranded oligonucleotide,
which has 5" overhangs allowing fill-in with DNA polymerase I, a 150-300
ng sample was incubated for 30 min at 37°C in a solution adjusted to a final
concentration of 50 mM Tris-HC1 pH 7.6, 5 mM MgCl,, 10 mM B-
mercaptoethanol, 20 UM each of dATP and dTTP, 50 uCi each of [32P]dCTP
and [*2P]dGTP, and 5 U of Klenow fragment of DNA 3polymerase I (New
England Biolabs, Beverly, MA). For the binding reaction, >?P-labeled oligonu-
cleotide (20 000-25 000 c.p.m.) was incubated with 5 ug of nuclear extract,
5 pl sample buffer (10 mM HEPES, 4 mM DTT, 0.5% Triton X-100 and
2.5% glycerol), 2.5 pg poly(dI-dC) as non-specific competitor, and the salt
concentration adjusted to 100 mM using buffer C. The reaction was carried
out at room temperature for 30 min. DNA-protein complexes were subjected
to electrophoresis at 11 V/em and resolved on a 4.5% polyacrylamide gel
(using 30% acrylamide/0.8% bisacrylamide) with 0.5X TBE running buffer
(90 mM Tris, 90 mM boric acid, 2 mM EDTA pH 8.0). Supershift analyses
were performed by incubating with the appropriate antibodies for an additional
1 h after the binding reaction had taken place. For supershift/blocking analysis,
either of two antibodies against the p50 subunit were used; these were either
kindly provided by K.LeClair (Procept Inc., Cambridge, MA) or purchased
(sc-114; Santa Cruz Biotechnology). Antibodies against the p65 and c-Rel
subunits were sc-109 and sc-372 (Santa Cruz Biotechnology) and #1226,
kindly provided by N.Rice (NCI, Frederick, MD) and sc-070 (Santa Cruz
Biotechnology), respectively.

Transfection and transactivation analysis

Wild-type (E8) and mutant (mutE8) NF-kB element-thymidine kinase (TK)
promoter—chloramphenicol acetyltransferase (CAT) reporter vectors were con-
structed as reported previously (27). Briefly, these consisted of two copies of
either the wild-type NF-kB element from upstream of the c-myc promoter,
sequence given above, or versions with the two internal G residues converted
to C residues, which significantly reduces NF-kB binding and transactivation
(27). Each cell type displayed very large differences in transfection efficiency,
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and thus optimization of the specific transfection protocol was performed for
each individual line. D3-1 cells were transfected by a modified calcium
phosphate protocol, as described previously (12). MCF-10F and BP-1 cells
were transfected using Lipofectamine reagent (Gibco BRL, Gaithersburg,
MD). Cultures of 184 and 184 A1 cells were transfected using Cytofectin
(Glen Research, Sterling, VA). All cells were harvested using reporter lysis
buffer (Promega, Madison, WI) and CAT assays and luciferase assays were
performed as published previously (12). Alternatively, confluent cultures of
MCF-10F cells were transiently transfected with the p1.6 Bgl c-myc promoter
CAT, containing 1.2 kb of upstream and 0.4 kb exon 1 sequences, including
the two NF-kB elements (29), using FUGENE transfection reagent (Boehringer
Mannheim, Indianapolis, IN), according to the manufacturer’s instructions.
Vector pEVRF-p65, encoding murine p65 protein (kindly provided by R.Sen,
Brandeis University, Waltham, MA), was co-transfected, as indicated. Total
DNA transfected was maintained at 4-5 pug. Cells were harvested after 24 h
and extracts normalized for protein assayed, as above.

Transfection and immunoblot analysis

Cultures of MCF-10F cells, at 70% confluence, were transiently transfected
with 4 pg pEVRF-p65 plus 20 ug pcDNA3 plasmid or with 24 g pcDNA3
plasmid DNA with 30 ul FUGENE transfection reagent. After 48 h, cells
were rinsed with cold PBS, and harvested in lysis buffer (50 mM Tris-HCl
pH 8.0, 5 mM EDTA pH 8.0, 150 mM NaCl, 0.5 mM DTT, 2 pig/ml aprotinin,
2 ug/ml leupeptin, 0.5 mM PMSF, 0.5% NP-40). Whole-cell extracts (WCEs)
were obtained by sonication, followed by centrifugation at 14 000 r.p.m. for
30 min. Samples (40 pg) of WCEs were subjected to electrophoresis and
immunoblot analysis, as above. Blots were probed with rabbit anti-c-Myc
antibody (786-4, a gift from S.Hann, Vanderbilt University, Memphis, TN),
and mouse anti-B-actin monoclonal antibody (AC-15; Sigma).

Carcinogen treatment of rats

Virgin female S-D rats, fed AIN-76A diet, were handled according to a
protocol approved by the Boston University Institutional Animal Care and
Use Committee. For analysis of mammary glands from normal animals, five
virgin female S-D rats (Charles River Laboratories, Wilmington, MA), 6 weeks
of age, were housed in the AAALAC-approved Laboratory Animal Science
Center and fed AIN76 diet for 3 weeks. They were killed with CO,; all 12
mammary glands were combined for each animal, and nuclear extracts
prepared as described previously (12). For the time-course analysis, S-D rats
from the same supplier were housed in environmentally controlled animal
quarters in the Mallory Institute of Pathology, fed AIN-76A diet, and randomly
entered into control or DMBA-treated groups of either four or five animals.
At 8 weeks of age they were given either a single intragastric dose of 15 mg/
kg DMBA dissolved in sesame oil or given the sesame oil vehicle alone. Rats
were predesignated to be killed and necropsied at 6 or 24 h, or 1, 3 or 9
weeks after DMBA or oil administration. Rats were palpated weekly for
tumor. At necropsy of each control and DMBA-treated rat, all 12 mammary
glands were rapidly removed, combined and frozen in liquid nitrogen for
storage. At 9 weeks, two rats were found to have non-palpable tumors in one
gland each. These tumors were excluded from the mammary gland samples
taken for the time-course study. Nuclear extracts were prepared, as described
previously (12), and subjected to EMSA.

Results

Activation of NF-xB/Rel occurs prior to tumor formation in
mammary glands of rats treated with DMBA

Recently, we have demonstrated that 86% of the mammary
tumors induced by DMBA-treatment of S-D rats displayed
aberrant activation of NF-xB/Rel compared with the normal
mammary glands of the age-matched, vehicle-treated control
animals (12). To determine the nature of the NF-kB binding
activity in the normal mammary gland, EMSA was performed
on nuclear proteins isolated from the mammary glands of five
virgin female 9 week old S-D rats and a radiolabelled NF-
KB-containing oligonucleotide, as probe (Figure 1A). A major
band (band 1) was seen (Figure 1A), which was better resolved
on a light exposure (Figure 1B); many extracts also displayed
a minor, slower migrating complex (band 2) seen on a longer
exposure (Figure 1A and data not shown). To identify the nature
of the subunits within these complexes, antibody supershift/
blocking EMSA was performed. Addition of a supershifting
antibody against the p50 subunit of NF-kB yielded a new
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Fig. 1. Nuclear extracts of normal mammary glands of female S-D rats
express low levels of NF-xB complexes. (A) EMSA was performed using
samples (3 pg) of nuclear extracts from mammary glands of five S-D
female rats (R1-R5), and an NF-xB oligonucleotide, as probe. Film was
exposed for 7 days. The position of the major (band 1) and minor (band 2)
complexes are indicated. The positions of the p50 homodimer and pS0/c-Rel
complexes formed with nuclear extracts of murine WEHI 231 B cells,
isolated as described previously (4) and similarly analyzed on the gel, are
indicated. (B) Samples of Rat 4 nuclear extract (3 pg) were incubated in the
absence (=) or presence of 1 pl p50 antibody (sc-114) (o p50) for 60 min
and subjected to EMSA using an NF-kB oligonucleotide, as probe. Film
was exposed for 6 h. (C) Samples of Rat 4 nuclear extract (3 ug) were
incubated in the absence (<) or presence of 1 pl p65 antibody sc-372 (a
p65) for 60 min and then subjected to EMSA using an NF-xB
oligonucleotide, as probe. Film was exposed for 5 days.

band and dramatically reduced formation of the band 1 complex
(Figure 1B). Addition of a blocking antibody against p65
ablated formation of band 2 (Figure 1C). Addition of an
antibody against c-Rel had no effect on binding (data not
shown). From these experiments, we conclude that normal
mammary glands express predominantly p50 homodimers with
minor amounts of a p65-containing complex. Based on its
migration, band 2 likely represents p50/p65 heterodimers.
We performed a time-course experiment to assess the kinetics
of activation of NF-kB/Rel in S-D rats as a function of
carcinogen treatment (12). S-D rats were administered 15 mg/
kg DMBA in sesame oil by intragastric gavage. At this dose,
tumors are first detectable after 7 weeks, and numbers increase
until ~90% of animals have tumors at 15 weeks (21). Control
rats were similarly administered the vehicle alone. Animals
were necropsied at 6 and 24 h, and 1, 3 and 9 weeks. For
each animal, all 12 mammary glands were excised, combined
and nuclear extracts prepared. (At the 9 week time-point, a
tumor was observed in one mammary gland of each of
two DMBA-treated animals; these were excluded from the
remaining glands which were histologically normal.) EMSA
analysis was performed using a radiolabelled NF-xB-con-
taining oligonucleotide as probe with extracts from treated or
control animals (Figure 2A and B, respectively). A sample of
a nuclear extract from an S—D rat mammary tumor, with a
typical level of binding, was added to each gel to permit
comparison of the relative levels of NF-xB/Rel expression
amongst the various samples. As seen previously (12), NF-
kB/Rel binding levels were extremely low in mammary gland
extracts from control, vehicle-treated rats after a 6 h period
(Figure 2B), consistent with data presented in Figure 1A.
Similar binding levels were seen with additional control
animals, e.g. after various times up to the 9 week period (data
not shown). Overall, normal mammary glands exhibited <10%
of the binding levels seen in the tumor sample, as judged by
densitometry. After 6 h, 24 h or 1 week following DMBA
treatment, no increase in NF-kB/Rel binding was detected.
However, at 3 weeks, there was clearly significant activation
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of formation of all complexes in two of the five animals (nos
46 and 47) that were administered DMBA. The binding levels
in these animals approached 39 and 48% of the control tumor
sample, as judged by densitometry. At 9 weeks, in two of the
five animals (nos 53 and 55) induction of higher constitutive
levels of NF-kB/Rel was again detected. Interestingly, these
rats were the ones discussed above that had developed one
mammary tumor each. The higher intensity of binding in these
four samples was not due to unequal loading, as judged by
EMSA with an Spl oligonucleotide (data not shown). Also,
no contamination of B lymphocytes, neutrophils, mast or
myeloid cells or of T lymphocytes was detected as judged by
EMSA with oligonucleotides containing binding sites for PU.1
and TCF-1 (Figures 2C and D, respectively, and data not
shown). Thus, these data indicate that activation of NF-kB/
Rel binding in the mammary gland can occur 3 weeks post-
DMBA administration, preceding tumor formation which is
not detectable prior to 7 weeks of treatment with this dose of
carcinogen (21) and was not detected at necropsy until 9 weeks
in this experiment.

Transformation of MCF-10F cells by the PAHs DMBA and
B[a]P increases NF-xB activity

We next sought to determine whether treatment with PAHs
in vitro would similarly lead to an induction of NF-kB/Rel
activity in HMECs. D3-1 and BP-1 cell lines were derived
from the non-tumorigenic MCF-10F cell line by 24 h treatment
of either DMBA and B[a]P, respectively. Both cell lines
exhibit malignant characteristics. BP-1 cells exhibit increased
anchorage independent growth, increased chemotaxis and
chemoinvasiveness. D3-1 cells exhibit increased chemotactic
and chemoinvasive capabilities, but to a lesser extent than BP-
1 cells (22). Nuclear extracts from D3-1 and BP-1 cells
displayed significantly increased NF-xB binding activity com-
pared with the parental MCF-10F cells (inset Figure 3A).
Equal loading was confirmed in EMSA using an Oct-1 probe
(data not shown). Two bands were seen with the extracts from
the D3-1 and BP-1, which co-migrated with bands seen with
nuclear extracts from the MCF-10F cells. (The upper band
with MCFE-10F extract was better seen on a longer exposure.)

To confirm that the binding activity was functional, transient
transfection analysis was performed using E8 and mutE8
multimerized NF-kB element-driven TK promoter~CAT
reporter constructs. Since transfection efficiency of these lines
varied, the activity of wild-type kB construct was normalized
to that of the mutE8 activity, which is reflective of basal
reporter activity without any contribution from NF-xB. The
parental MCF-10F cells showed a minimal induction of E8
activity over the mutE8 of (~1.7 * 0.6)-fold (Figure 3A). The
D3-1 and BP-1 cells showed a significantly higher level of
NF-kB activity of (4.1 * 1.4)-fold and (11.6 = 0.2)-fold,
respectively. Thus, the relative levels of binding and activity
correlate directly.

To confirm that the activity of the E8 vector seen in the
transformed cell lines was due to NF-xB/Rel binding, co-
transfection analysis was performed with an increasing dose
of a vector expressing the NF-kB/Rel specific inhibitory protein
IxkB-0.. The activity of the E8 vector in the D3-1 cells was
specifically repressed in a dose-dependent manner by IxB-o
(Figure 3B). Similarly, co-transfection with 1.4 pg of vector
expressing IkB-o reduced NF-xB-specific activity (3.6 * 0.1)-
fold in the BP-1 cells. Thus, the transformed D3-1 and BP-1
cell lines display increased levels of functional NF-xB/Rel
than seen in the parental MCF-10F cells.
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Fig. 2. Nuclear extracts of mammary glands from DMBA-treated S—D rats display high NF-xB/Rel binding activity prior to tumor formation. (A and B)

NF-kB EMSA. EMSA was performed using samples (5 jg) of nuclear extracts from mammary glands of rats treated with DMBA (A) or representative ..
control 6 h control rats (B), and an NF-kB oligonucleotide, as probe. In each panel, a sample (5 pug) of nuclear extract from a DMBA-treated rat mammary
tumor (Tumor) was run to allow for comparison between gels, and to serve as a normalization for intensity of binding observed in the various samples.
Densitometry analysis was performed to compare the relative level of NF-kB/Rel binding in nuclear extracts from mammary glands from the control or
DMBA-treated animals, and intensity values are given as percent of tumor binding intensity (where the tumor intensity was set at 100%). *, animals whose .
binding intensity were at least one standard deviation above the average intensity of the control animals. (C) PU.1 EMSA. EMSA was performed using

samples (5 pg) of nuclear extracts from mammary glands of the 3 week DMBA-treated rats (46-50) with the PU.1 oligonucleotide, as probe. As a positive

control for binding, nuclear extracts from WEHI 231 B cells were analyzed on the same gel. (D) TCF-1 EMSA. Samples (5 pig) of nuclear extracts from

mammary glands of the indicated 3 week DMBA-treated rats and a DMBA-induced mammary tumor were subjected to EMSA with the TCF-1

oligonucleotide, as probe (28). As a positive control for binding, nuclear extracts (5 ng) from Jurkat T cells and from an activated T-cell hybridoma were

analyzed on the same gel.

Antibody supershift/blocking analysis was performed to  no effect on binding (data not shown). Thus, based on the
identify the NF-xB subunit composition in the various extracts. faster migration of the bottom band, this complex likely
Addition of an antibody against the p50 subunit to nuclear  consists of pS0/p50 homodimers, which have only minimal
extracts from-MCF-10F cells resulted in a supershift of the  transactivation potential. Similar analysis was performed with
both bands, while addition of a blocking antibody against the  the D3-1 and BP-1 nuclear extracts (Figure 4B and data not
po5 subunit deleted the upper complex selectively (Figure shown). The upper band was eliminated upon addition of the
4A). Therefore, the upper complex was identified as a p50/ po5 antibody with extracts from both cells, whereas the p50
p65 complex, also known as classical NF-kB, a potent trans- antibody completely shifted the lower band, and cleared most
activator (1). Addition of an antibody to the p52 subunit had of the upper band as well (Figure 4B and data not shown).
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Fig. 3. Carcinogen-transformed D3-1 and BP-1 cells display higher
constitutive levels of functional NF-xB-than the parental MCF-10F cells.
(A) Comparison of lines. The MCF-10F cells (10F) and BP-1 cells were
transiently transfected by lipofection, in triplicate or duplicate, respectively,
with 2 pg E8 or mutE8 reporter construct. Alternatively, D3-1 cells were
transfected, in duplicate, using 20 pg of either E8 or mutE8 by the calcium
phosphate method. After 24 h (for lipofectamine) or 72 h (for calcium
phosphate), extracts were prepared, normalized for protein and assayed for
CAT activity. The values for E8 CAT activity are represented as fold
induction over mutE8 CAT activity which was set at 1.0 for each cell line.
Shown is the representative data from a minimum of two experiments.
(Inset) Equal amounts (5 pg) of nuclear extracts from exponentially growing
parental MCF-10F cells or transformed D3-1 or BP-1 cells were subjected
to EMSA with a radiolabeled oligonucleotide NF-kB element as probe. A
representative experiment of two independent assays is shown. (B) Activity
is inhibited with IxB-o. expression. D3-1 cells were transiently transfected,
in duplicate, with 15 pg of E8 reporter construct and 0, 1, 3 or 7 pg of
PMT2T IxB-o. expression vector, in the presence of 2.5 g TK-luciferase
construct for normalization of transfection efficiency. The total amount of
plasmid DNA transfected in each sample was adjusted to 25 pg by addition
of pBlueScript+ plasmid DNA. Alternatively, 25 ug of pBlueScript DNA
was used alone. Lysates were prepared after 72 h and analyzed as described
previously (12).

Addition of an antibody against c-Rel did not affect the pattern
of migration with either cell extract. Thus, for the D3-1 and
BP-1 cells, the upper band consists of the pS0/p65 heterodimers,
and the lower band consists of the p50/p50 homodimers,
respectively. Thus, carcinogen transformation yields a func-
tional binding complex of classical NF-xB at much higher
intensity but of similar subunit composition to the parental
MCE-10F cells, consistent with the identical patterns of
migration.

IKB-a has a shorter half-life in D3-1 and BP-1 than in MCF-
10F cells

In B cells, it has been shown that faster turnover of IkB-o
proteins is, at least in part, responsible for the higher levels
of functional NF-xB in the nucleus (30). Therefore, we next
sought to determine if the increase in NF-xB levels in the
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Fig. 4. Supershift analysis reveals classical NF-kB subunits in the binding
complex. (A) Supershift analysis of MCF10F cells. Following a 30 min
incubation of nuclear extracts (5 ug) with the probe, 1 ul of antibody
against either the p50 (kindly provided by K.LeClair) or p65 (sc-109) was
added as indicated, and the reaction incubated for an additional 1 h and
subjected to EMSA as above. (B) Supershift analysis of D3-1 cells.
Following a 30 min incubation of nuclear extracts (5 {g) with the probe,
1 pl of antibody against the pS0 (sc-114), p65 (#1226, kindly provided by
N.Rice) or c-Rel (sc-070) was added as indicated, incubated and subjected
to EMSA.
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Fig. 5. IxB-o protein in D3-1 and BP-1 cells has a shorter half life than in
parental MCF-10F cells. (A) MCF-10F, D3-1 and BP-1 cells were incubated
in the absence or presence of 20 pig/ml emetine for the indicated periods of
time. Cytoplasmic extracts (50 pg protein/lane) were separated by
electrophoresis in a 10% SDS—polyacrylamide gel, and subjected to
immunoblot analysis for IxB-o protein using SC-371 antibody. These blots
are representative of two experiments. (B) The immunoblot for IkB-o.
protein in (A) was quantitated by densitometry, and the data plotted as
percent of the original protein value in untreated control cells (0 h). The
decay curves were extrapolated by using an exponential best fit analysis.

transformed D3-1 and BP-1 cells could be correlated with
changes in stability of the [xKB-o. protein. Exponentially grow-
ing cells were treated with emetine, a specific inhibitor of
elongation of polypeptide chain synthesis, for 0-5 h, and
cytoplasmic extracts prepared and subjected to immunoblot
analysis for IKB-o protein (Figure SA). The decay of the IxB-
o, protein in the BP-1 and D3-1 cells appeared more rapid
than that observed in the MCF-10F cells. Equal loading of the
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Fig. 6. Ectopic expression of p65 in MCF-10F cells increases c-Myc
oncoprotein levels. Cultures of MCF-10F cells, at 70% confluence, were
transiently transfected with 4 ug pEVRF-p65 plus 20 ug pcDNA3 plasmid
or with 24 ng pcDNA3 plasmid DNA with 30 ul FUGENE transfection
reagent. After 48 h, cells were rinsed with cold PBS, and WCEs prepared.
Samples (40 f1g) were subjected to electrophoresis and immunoblot analysis
for c-Myc (786-4, anti-c-Myc antibody), and B-actin (AC-15; Sigma).

lanes was confirmed by probing the same membranes with an
antibody to the p65 subunit; this protein appeared to be quite
stable even at 5 h post-treatment in all three cell types (data
not shown). The resulting autoradiograms were quantified by
densitometry and the data plotted in Figure 5B. The half-life
of decay of IxB-o protein was determined in the BP-1 and
D3-1 cells to be between 2 and 2.5 h, and 1 and 2 h,
respectively. In contrast, in the parental MCF-10F cells, a half-
life of ~7.8 h was determined. Thus, the chemical transforma-
tion of these cells dramatically affects the stability of the IxB-
o protein correlating with the higher levels of constitutively
active NF-xB associated with the malignant phenotype.

Ectopic p65 expression in MCF-10F cells induces the c-myc
oncogene

To begin to assess the potential functional role of the elevated
levels of NF-xB activity following transformation of the MCF-
10F, we performed transient transfection and measured the
effects of increased p65 levels on expression of the c-myc
oncogene, which contains two NF-kB elements (29). MCF-
10F cells, in exponential growth, were transfected in duplicate
with 0, 0.5 or 1 ug pEVRF-p65 vector DNA expressing p65
protein and 1 ug p1.6 Bgl CAT c-myc promoter construct. An
increase in c-myc promoter activity of (18.9 * 2.3)-fold and
(21.3 £ 5.4)-fold was detected with 0.5 and 1.0 pg p65
expression vector, respectively. To verify that p65 expression
enhances the endogenous c-myc gene, similar transfections
were performed. MCF-10F cells were transfected with pEVRF-
p65 vector DNA or with pcDNA3 plasmid DNA. After 48 h,
whole-cell lysates were isolated and subjected to immunoblot
analysis for levels of c-Myc and B-actin, as control for equal
loading (Figure 6). A significant increase in c-Myc expression
was detected upon transfection of the pEVRF-p65 vector DNA
compared with vector DNA alone. In this and two duplicate
experiments, a (3.4 * 0.7)-fold increase was determined by
densitometry. In contrast, levels of B-actin remained unchanged
(Figure 6). Thus, ectopic expression of the p65 subunit in
MCF-10F cells leads to increased c-Myc levels.

HMECs transformed by B[a]P exhibit high levels of NF-xB
binding activity even in the premalignant state

To monitor the expression of NF-xB earlier during the trans-
formation process, we compared the normal finite life-span
184 HMEC cell strain with its immortally transformed derivat-
ive cell line, 184A1. The 184 HMEC cell strain, derived from
reduction mammoplasty tissue, senesces after approximately
80 population doublings. The immortal but non-tumorigenic
184A1 line was established following B[a]P treatment of
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Fig. 7. Dysregulated NF-kB/Rel expression in 184A1 immortalized
HMECs. (A) 184A1 cells display increased NF-xB binding in quiescence.
EMSA was performed with nuclear extracts (5 yug) from finite life-span 184
and fully immortal 184A1 cells following Gy synchronization upon
blockage of EGF receptor signal transduction for 48 h (Gg) or during
exponential growth (CYC). Two distinct NF-kB binding complexes were
detected. (B) Supershift EMSA reveals classical NF-xB in the binding
complex of 184A1 cells. Supershift analysis was performed on nuclear
extracts (5 [1g) harvested from fully immortal 184A1 HMECs in exponential
growth, or made quiescent following blockage of EGF receptor signal
transduction for 48 h. Following a 30 min incubation of nuclear extracts
with the probe, 1 pl of antibody against pSO (sc-114) or p65 (#1226) was
added as indicated, and the reaction incubated for an additional 1 h and
subjected to EMSA, as above. The upper binding complex is composed of
p65/p50 subunits, and lower binding complex is a p50/p50 homodimer.
Position of a nonspecific band is indicated by an asterisk (*).

primary cultures of the 184 HMEC strain (25,31). NF-xB
binding activity in the finite life-span 184 cells, and the late
passage immortal 184A1 cell line was compared. Extracts
from both cells gave a similar pattern with two bands detectable
(Figure 7A), which co-migrated with the complexes observed
in MCF-10F cells (data not shown). The levels of these
complexes in the two populations of cycling cells were similar
(Figure 7A). The half-life of decay of the IkB-o proteins in
these cycling cell populations were also identical; a half-life
of ~3.5 h was determined (data not shown). Previously, we
had noted that B[a]P exposure led to dysregulated gene
expression in quiescence (32). Thus, finite life-span and fully
immortal cells were made quiescent upon blockage of EGF
receptor signal transduction for 48 h, and nuclear extracts used
in EMSA (Figure 7A). The levels of binding of finite life-
span cells remained unchanged. In contrast, an increase in NF-
kB binding activity was evident in the quiescent G, immortally
transformed 184A1 cells (Figure 7A). In fact, the level was
essentially comparable with that found in the D3-1 and BP-1
lines; a commensurate decrease in half-life of decay of IkB-
o was determined in these Gy cells to ~2.5 h (data not shown).
Supershift EMSA was performed to identify the subunit
compornents of the complexes in the cycling and quiescent
184A1 HMECs (Figure 7B). In nuclear extracts from 184A1
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Fig. 8. Transient transfection analysis was performed in both the Go and
exponential cycling states. Twenty-four hours after plating (110 000 cells/
sample), finite life-span 184 and fully immortal 184 A1 cells were
transfected, in duplicate, with equivalent amounts of either the E8 or mutE8
plasmid using Cytofectin reagent. Total amount of DNA was normalized to
be either 1 or 1.5 [1g (equivalent within each experiment) using pBlueScript.
Cells were washed in PBS after 5 h and fresh media was added. After 24 h,
cells were either given fresh normal medium (CYCLING) or medium minus
EGF plus MADb 225 (Gy). Cells were harvested 24 h later in reporter lysis
buffer, and assayed for CAT activity. The values for E8 CAT activity are
represented as fold induction over mutE8 CAT activity which was set at 1.0
and were normalized for protein levels. Shown is the representative data
from a minimum of two experiments.

cells in either growth state, the upper complex was depleted
upon addition of an anti-p65 antibody. Addition of an anti-
p50 antibody abrogated formation of the bottom complex and
reduced the upper complex. Thus, in both cycling and arrested
cells, the upper complex is classical NF-kB, composed of a
p65 and pS0 subunit, while the bottom complex is likely
composed of a p50 homodimer. Similar complexes were
identified with the 184 cell extracts (data not shown). These
findings indicate that NF-kB is dysregulated in the growth-
arrested late passage fully immortal 184A1 cells.

To assess the functionality of the increase in NF-xB binding
in quiescence, transient transfection analysis was performed
(Figure 8). Cells were transfected with E8 and mutE3, as
above, and then incubated either in normal medium or medium
deprived of EGF receptor signal transduction to make them
quiescent. As expected, when the finite life-span 184 HMECs
cells were quiescent, the level of E8/mutE8 induction decreased
from a 6.1- to a 3.1-fold induction. The fact that the activity
decreases most likely reflects the effects that quiescence has
on reducing the overall rate of protein synthesis within these
cells (26). When the immortally transformed 184A1 HMECs
were similarly analyzed, an ~5-fold induction of E8/mutE8
activity was seen in cycling cells, and this induction was
maintained even when the cells were made quiescent (Figure
8). This maintenance of E8 activity is most likely due to the
increased induction of NF-xB/Rel in the G state, and correlates
with the increased binding displayed by EMSA (Figure 7A).
Thus, even when growth arrested, NF-xB appears to maintain
functionality in the fully immortal cells indicating a dysregul-
ated expression of NF-xB in quiescence. Thus, dysregulation
of expression of classical NF-kB can occur significantly prior
to malignant transformation of the HMEC in culture.

Discussion

Here we demonstrate that the aberrant activation of NF-xB/
Rel, which typifies human and rodent breast cancer, occurs
early during the malignant transformation process, and involves
de-stabilization of the specific inhibitory protein IxB-o. In S—
D rats, activation of NF-kB/Rel occurred in the mammary
glands of 40% of the animals 3 weeks after DMBA-treatment,
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a time-point at which tumor formation was not observed. If
not every mammary gland from a DMBA-treated animal has
responded, this value potentially represents an underestimation
due to the pooling of all 12 mammary glands from individual
animals that was performed to facilitate the time course
analysis. Furthermore, the observation of NF-kB/Rel activation
in vivo with this rodent model was extended to cultured
HMECs. Carcinogen induced transformation was found to
result in elevated levels of NF-xB in the malignantly trans-
formed D3-1 and BP-1 cells compared with their parental,
non-malignant MCF-10F cells. This activation of classical
NF-kB in the MCF-10F-derived lines correlated with de-
stabilization of IkB-c.. Furthermore, enhanced expression of
p65 in MCF-10F cells led to induction of the c-myc oncogene.
Lastly, dysregulated expression of NF-xB was seen in the
immortal but non-malignant 184A1 cells compared with the
finite life-span 184 strain. Given the involvement of NF-kB/
Rel factors in control of genes signaling proliferation, cell
survival and neoplastic transformation, the early and persistent
functional activation of these factors in carcinogen-induced
rodent and human mammary systems suggests a potential
critical role in the malignant transformation process.

There is mounting evidence for NF-kB/Rel factors mediating
signals that induce cell proliferation. Firstly, these factors have
been found to transactivate critical genes controlling growth
either directly, e.g. c-myc (27,29,33), or indirectly, e.g. various
interleukins or growth factors (1). Furthermore, constitutive
NF-kB/Rel activity has been shown to be essential for prolifera-
tion of several cell types, e.g. smooth muscle cells (34), and
hepatocytes during liver regeneration after partial hepatectomy
or toxic damage (35). In the T lymphoma cell line HuT 78,
constitutive NF-xB activation, apparently due to autocrine
TNF-o, production, was shown to accompany enhanced cellular
proliferation (36). Furthermore, we have recently found that
ectopic expression of c-Rel subunit permits Hs578T breast
cancer cells to overcome TGF-Bl-induced growth inhibition
(37). Consistent with this role of NF-xB/Rel, the D3-1 and
BP-1 cells both proliferate at a faster rate than the parental
MCE-10F cells (22), correlating well with the higher NF-xB
activity in these cells. Likewise, the late passage 184Al cells
are able to proliferate indefinitely even in the presence of
TGF-B1, compared with the parental 184 cells which are TGF-
B1-sensitive.

Constitutive or induced activation of NF-xB has been
implicated in promoting cell survival by protecting cells from
undergoing apoptosis (3). Studies of mice null for the RelA
gene, encoding the p65 protein, provided the first suggestive
evidence (38). Deletion of the p65 subunit is embryonal lethal
with liver degeneration due to extensive apoptosis of the
hepatocytes (38). Direct evidence for the anti-apoptotic role
of NF-kB/Rel was demonstrated in breast cancer cells (12),
B-lymphoma cells (3) and in hepatocytes (6): inhibition of
constitutive NF-xB/Rel led to cell death by apoptosis. Further-
more, maintenance of NF-kB/Rel activity conferred protection
from apoptosis induced by TNF-o. or irradiation (8-11), TGF-
BL (7), or B cell receptor signals (4,39). In light of such
evidence, the early activation NF-kB/Rel may play a similar
role in the mammary gland following DMBA treatment leading
to dysregulation of normal control of proliferation and pro-
tecting the epithelial cells from apoptosis.

Here we provide evidence that one of the genes regulated
by NF-xB/Rel, that may promote epithelial cell proliferation
and survival, is the c-myc proto-oncogene (40). A drop in
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c-myc has been found to induce apoptosis of many cell types
including breast cancer cell lines (41), while conversely, c-
myc overexpression is able to promote survival of several cell
types, including B cells (40). Furthermore, overexpression of
c-myc has been implicated in the etiology of breast cancer
(42). The regulation of the c-myc promoter by NF-kB/Rel was
first demonstrated in human breast cancer cells (12). Here, we
extend this observation to MCF-10F cells showing that both
the c-myc promoter and endogenous c-myc gene respond to
ectopic expression of p65. Interestingly, BP-1 cells overexpress
the c-myc oncogene (43), and tumors from DMBA treated S—
D rats have increased c-myc mRNA expression (D.W.Kim and
G.E.Sonenshein, unpublished observations). Studies are in
progress to determine whether inhibition of NF-xB/Rel activa-
tion leads to decreased c-myc gene expression and ablates the
carcinogen transformation process.

Lastly, aberrant activation of nuclear NF-xB/Rel has been
found to correlate with oncogenesis in several different systems,
including breast cancer, thyroid carcinoma (44), non-small cell
lung carcinoma, colon carcinoma, ovarian carcinoma, prostate
cancer (45), Hodgkin’s disease (46,47) and various types
of lymphomas (13). The results presented here extend this
association to carcinogen-induced in vitro malignant trans-
formation of HMECs. Furthermore, our findings indicate
that the activation of NF-xkB/Rel in mammary glands upon
carcinogen treatment of rodents is an early event. It was also
interesting to note that in our studies with DMBA-treated S—
D rats, the two animals studied at 9 weeks which displayed
elevated NF-xB/Rel binding activity in the grossly normal
mammary glands had non-palpable tumors. Taken together,
our results suggest a novel mechanism for carcinogen induction
of tumors of the mammary glands, i.e. via the activation of
NF-xB/Rel factors. Thus, inhibition of NF-kB may provide a
means of intervention at early, as well as later, stages of the
transformation process in the mammary gland. Furthermore,
the possibility that NF-xB/Rel may serve as a diagnostic
marker for pre-malignant mammary glands warrants further
investigation. Studies are underway to test directly the role
of activation of NF-kB/Rel in neoplastic transformation by
enforcing expression of a transactivating subunit of NF-xB/
Rel in the mammary glands of transgenic mice.
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The RelA NF-xB subunit and the aryl hydrocarbon receptor (AhR)
cooperate to transactivate the c-myc promoter in mammary cells
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NF-xB/Rel transcription factors regulate many genes
involved in control of cellular proliferation, neoplastic
transformation, and apoptosis, including the c-myc
oncogene. Recently, we have observed that levels of
NF-xB and aryl hydrocarbon receptor (AhR), which
mediates malignant transformation by environmental
carcinogens, are highly elevated and appear constitu-
tively active in breast cancer cells. Rel factors have been
found to functionally interact with other transcription
factors. Here we demonstrate a physical and functional
association between the RelA subunit of NF-xB and AhR
resulting in the activation of c-myc gene transcription in
breast cancer cells. RelA and AhR proteins were co-
immunoprecipitated from cytoplasmic and nuclear ex-
tracts of non-malignant MCF-10F breast epithelial and
malignant Hs578T breast cancer cells. In transient co-
transfection, RelA and AhR gene products demonstrated
cooperation in transactivation of the c-myc promoter,
which was dependent on the NF-«B elements, and in
induction of endogenous c-Myc protein levels. A novel
AhR/RelA-containing NF-xB element binding complex
was identified by electrophoretic mobility shift analysis
of nuclear extracts from Reld and AhR co-transfected
Hs578T cells. Thus, the RelA and AhR proteins
functionally cooperate to bind to NF-«xB elements and
induce c-myc gene expression. These findings suggest a
novel signaling mechanism whereby the Ah receptor can
stimulate proliferation and tumorigenesis of mammary
cells. Oncogene (2000) 19, 5498 —5506.

Keywords: NF-kB: RelA; AhR; c-myc oncogene; breast
cancer

Introduction

NF-xB/Rel is a family of dimeric transcription factors
characterized by the presence of a Rel homology region
(RHR) of about 300 amino acids in length, which
controls multiple functions including dimerization,
DNA binding, and nuclear localization. Classical NF-
kB is a heterodimer composed of p65 (or RelA) and
p50 (or NFxB1) subunits (Grimm and Baeuerle, 1993).
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The RelA subunit has potent transactivation potential,
while the p50 subunit has only modest transactivation
ability in vivo (Grimm and Baeuerle, 1993; Ballard et
al., 1992; La Rosa et al, 1994). Many genes are
regulated by NF-«B (Grilli et al., 1991; Grimm and
Baeuerle, 1993). For example, we demonstrated that
the c-myc oncogene is potently transactivated by NF-
kB/Rel factors (La Rosa er al., 1994). In most cells,
other than B lymphocytes, NF-xkB/Rel proteins are
sequestered in the cytoplasm bound to one of the
specific inhibitory proteins termed IxBs of which 1xB-«
is the paradigm. A variety of agents can induce NF-
xB/Rel, including oxidative stress (Grimm and
Bacuerle, 1993; Verma et al., 1995). Activation of
NF-«B involves phosphorylation and degradation of
IxB, which allows for translocation of an active NF-xB
complex into the nucleus where it can bind to NF-xB
responsive elements (Verma et al., 1995). However, we
recently demonstrated that breast cancer cell lines and
primary breast cancer specimens are typified by
aberrant constitutive activation of NF-xB (Sovak et
al., 1997).

We have postulated that one mechanism leading to
constitutive NF-xB activation may be oxidative stress
induced by activation of cytochrome P450 enzymes,
some of which are regulated by the aryl hydrocarbon
receptor (AhR) (Nebert ez al., 1990, 1991). The AhR is
a cytosolic protein complexed with heat shock protein
(Hsp90) and an immunophilin-like molecule, ARA-9/
XAP-2/AIP (Carver and Bradfield, 1997; Jain et al.,
1994; Perdew and Bradfield, 1996; Ma and Whitlock,
1996; Meyer et al, 1998), and c-Src (Enan and
Matsumura, 1996). Acute activation can occur with
multiple agents, including classes of carcinogenic
environmental chemicals (e.g. dioxins, polycyclic aro-
matic hydrocarbons (PAH), and planar polychlori-
nated biphenyls (PCBs)). Upon activation, the receptor
translocates to the nucleus, binds specific response
elements (XREs), and induces transcription of a
number of genes, including those encoding the P450
enzymes CYP1Al, CYPIA2, and CYPIBI. As pre-
dicted from the working model, we have recently found
high levels of constitutively active AhR in PAH-
induced rat mammary tumors (Trombino et al,
2000), that coincide with constitutively active NF-xB
(Sovak et al., 1997).

The recent work of Tian et al. (1999) suggests a
second pathway linking AhR and NF-xB activities. In
particular, they demonstrated a physical association
between the AhR and the RelA subunit of NF-«B in
murine hepatoma cells. and transcriptional down-




regulation by AhR-NF-xB subunit complexes of an
NF-«kB element driven construct. To test for this
additional regulatory mechanism in human breast
epithelial and tumor cell lines, the potential for AhR
and NF-xB subunits to associate and regulate an NF-
xB-regulated gene promoter, i.e. c-myc, was examined.
We report that the RelA and AhR proteins co-
precipitate in untransfected or Reld- and AhR-
transfected human mammary epithelial cell (HMEC)
lines. In contrast to the previous report by Tian and
coworkers (1999), however, we find RelA and AhR
cooperate to positively transactivate the c-myc gene,
apparently via direct binding to NF-xB elements.
These findings suggest a new mechanism whereby
aberrant constitutive NF-kB/AhR expression can
promote activation of the c-myc gene and thereby
proliferation and neoplastic transformation.

Results

RelA and AhR are associated in HMECs

To assess the association of the RelA subunit of NF-
kB with AhR in breast epithelial cells, co-immunopre-
cipitation studies were performed. Total cell, nuclear,
and cytoplasmic extracts were prepared from malignant
Hs578T breast cancer cells, which have been found to
express both RelA (Sovak et al., 1997), and AhR
proteins. Samples of the nuclear (50 ug) and cytoplas-
mic (100 pg) fractions were treated with either a goat
antibody against AhR (Figure la, lanes 2,3) or a goat
IgG fraction, as control (Figure la, lanes 4,5). Immune
complexes were isolated using protein A-Sepharose and
subjected to electrophoresis, along with a sample of
total cell lysate (Figure la, lane 1). The resulting
immunoblot was probed with a rabbit polyclonal
antibody for expression of the 65 kDa RelA subunit.
In the total cell lysate, RelA-specific antibody
recognized a protein of the expected molecular weight
(65 kDa). The AhR antibody co-precipitated RelA
protein from either cytoplasmic or nuclear extracts
(Figure 1a), with somewhat greater amounts seen with
the cytoplasmic sample. In contrast, the control goat
IgG failed to co-precipitate detectable levels of RelA
protein. To confirm this association we performed the
inverse experiment of immunoprecipitating nuclear
(100 ug protein) or cytoplasmic (200 ug protein)
extracts with a rabbit antibody against RelA and then
immunoblotting for AhR using a goat antibody. The
RelA antibody co-precipitated AhR protein from either
cytoplasmic or nuclear extracts (Figure 1b). In
contrast, the control rabbit IgG failed to co-precipitate
detectable levels of AhR protein. As seen above,
somewhat greater amounts of complexes were detected
in the cytoplasm. These findings suggest that endogen-
ous AhR is associated with RelA in both the nucleus
and the cytoplasm of Hs578T cells; although, the
majority of the complexes, as judged from this and two
duplicate experiments (0.80+0.07), are present in the
cytoplasm.

We next sought to assess the ability of RelA to
associate with the AhR in non-malignant MCF-10F
HMECs. To this end, MCF-10F cells were transfected
with a vector expressing the 77-pcDNA3-AhR vector
encoding T7-tagged AhR. Alternatively, cells were
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Figure 1 AhR and RelA are associated in Hs578T and MCF-
10F cells. (a) Cytosolic (100 ug from 1 mg total) or nuclear (50 ug
from 128 ug total) proteins from Hs578T cells were immunopre-
cipitated using 5 ug/ml of either a polyclonal goat anti-AhR
antibody (lanes 2,3) or a control goat I1gG (lanes 4,5). Of 30 ul of
resulting antibody-protein A-sepharose eluates, 20 ul were
subjected to immunoblot analysis with RelA-specific antibody
(Cyt: cytosolic immunoprecipitate; Nuc: nuclear immunoprecipi-
tate). Total cell lysate (30 ug protein) was analysed as a positive
control (lane 1) (TC: total cell lysate). The position of the 65 kDa
RelA protein is indicated. (b) Cytosolic (200 ug from 1.5 mg
total) or nuclear (100 ug from 330 ug total) proteins from Hs578T
cells were immunoprecipitated using 5 pg/ml of either a
polyclonal rabbit RelA-specific antibody (sc-372) (lanes 2,4) or a
control rabbit IgG (lanes 3,5). Of 50 ul of resulting antibody-
protein A-sepharose eluates, 30 ul were subjected to immunoblot
analysis with polyclonal goat anti-AhR antibody (sc-8088) (Cyt:
cytosolic immunoprecipitate; Nuc: nuclear immunoprecipitate).
Total cell lysate (40 ug protein) was analysed as a positive control
(lane 1) (TC: total cell lysate). The position of the AhR protein is
indicated. (c) Total cell proteins (100 pug) from T7-pcDNA3-AhR-
or T7-pcDNA3-transfected MCF-10F cells were immunoprecipi-
tated using 5 ug/ml of either normal rabbit IgG as a negative
control (lane 1) or RelA-specific antibody (lanes 3,4). The
resulting antibody-protein A-sepharose eluates were subjected to
immunoblot analysis with T7 epitope-specific antibody, as
described above. Total cell lysate (30 ug protein) was analysed
as a positive control (lane 2). The 97-100 kDa T7-AhR product
is indicated

transfected with the parental T7-pcDNA3 DNA, as
control. Total cell lysates were prepared, and either
immunopreciptated with a RelA-specific antibody or
an aliquot run directly on the gel. The resulting
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immunoblot was probed with a T7 epitope-specific
antibody. A protein of the size expected for T7-tagged
AhR, ie. 97-100 kDa, was recognized in total cell
extracts from cells transfected with the T7-pcDNA3-
AhR vector (Figure lc, lane 2). Similarly a 97 kDa
AhR protein was detected following co-precipitation
with RelA-specific antibody (lane 3), whereas no
protein was detected following ‘immunoprecipitation’
with control rabbit IgG (lane 1). No anti-T7 antibody-
reactive protein was detected in extracts from cells
transfected with the parental vector (lane 4). Further-
more, AhR protein was not detected in T7-AhR-
specific immunoblots of 77-pcDNA3-transfected MCF-
10F cell extracts precipitated with a p50-specific
antibody (data not shown). Similar results were
obtained with transfected Hs578T cells (not shown).
Overall, these results indicate that the RelA, but not
p50, and the AhR are physically associated within
Hs578T and MCF-10F cells.

RelA and AhR cooperate to activate the c-myc promoter
in non-malignant MCF-10F cells

To determine whether AhR and NF-xB/Rel can
function cooperatively, we examined the effects of
AhR and RelA co-transfection on the c-myc promoter,
a transcriptional target of classical NF-xkB (La Rosa
et al., 1994). Since we have found that endogenous
AhR levels decrease in cells as the cultures reach
confluence (SAQ and DHS, unpublished observa-
tions), all transfections were performed with confluent
cultures. In addition, in order to maximize conditions
for observing RelA-AhR transcriptional cooperation,
we first titered the dose of expression vector
transfected such that minimal augmentation of
reporter activity would be observed. Addition of
1 ug of the pEVRF-p65 expression plasmid increased
the transcriptional activity of the pl.6 Bgl promoter
~20-fold (data not shown), consistent with the potent
role of RelA in transactivation of the c-myc promoter
(La Rosa et al, 1994). When the level of RelA
expression plasmid was lowered eightfold to 0.125 ug,
a 2.4+40.5-fold increase in transactivation of the
murine c-myc promoter was observed (Figure 2a).
This amount (0.125 ug) was selected for future
transfections. Minimal transcriptional activity was
observed when MCF-10F cells were transfected with
pl.6 Bgl alone (Figure 2a). This is consistent with the
observation that c-myc gene transcription is minimal
in cells at confluence. Transfection of 2 or 4 ug of
AhR alone had no effect on the transcriptional
activity of the pl.6 Bgl promoter. However, when
0.125 ug pEVRF-p65 were co-transfected with 2 ug
PcDNA3-AhR expression plasmid, a 6.2+0.3-fold
induction of c-myc promoter activity was seen. Upon
co-transfection of 0.125 ug pEVRF-p65 with 4 ug
pcDNA3-AhR expression plasmid the fold induction
was 8.0+0.2. Using the latter conditions, an average
fold induction in three separate experiments of
5.6+2.1-fold (P<0.01) was obtained. Thus, RelA
and AhR cooperate to significantly increase c-myc
promoter activity in MCF-10F cells.

We next asked whether the increase in transactiva-
tion of the c-myc promoter was mediated by the NF-
kB elements located upstream of the promoter and/or
within exon 1 (URE and IRE, respectively) (Duyao et
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al., 1990; Kessler et al, 1992b). A transfection
experiment, similar to that described above, was
performed using the pl.6 Bgl double mutant (pl.6
Bgl dbl mut) reporter plasmid, in which the URE and
IRE NF-«kB sites have been mutated so that the
promoter can no longer be transcriptionally activated
by classic NF-kB (Duyao et al., 1992; Kessler et al.,
1992a; La Rosa et al., 1994). In the absence of
exogenous RelA or AhR, the pl.6 bgl double mutant
displayed about one half of the activity of the wild
type pl.6 Bgl reporter (Figure 2a). This modest
decrease in activity of the mutant vs wild type pl.6
Bgl reporter construct is consistent with the low levels
of RelA/p50 complexes present in the MCF-10F cells
(Sovak et al., 1997). Ectopically expressed RelA in
PEVRF-p65 transfected cells was unable to transacti-
vate the mutant construct, consistent with our
previous findings (La Rosa ef al., 1994). Furthermore,
co-transfection with 4 ug pcDNA3-4hR and 0.125 ug
PEVRF-p65 did not significantly affect the activity of
the mutated c-myc promoter (Figure 2a). Taken
together these findings indicate that RelA and AhR
function cooperatively to transactivate the c-myc
promoter via binding at the URE and/or IRE NF-
kB elements.

Rel4 and AhR activate the c-myc promoter in Hs578T
cells

We next asked whether RelA and AhR can activate
the c-myc promoter in a human malignant breast
cancer cell line by performing similar co-transfection
analyses with Hs578T cells. In these cells the basal
activity of the pl.6 Bgl promoter was notably higher
than observed in transfected MCF-10F cells (Figure
2b). This result likely reflects the higher transfection
efficiency of Hs578T cells (20—-30% vs 5% for MCF-
10F cells), and potentially the higher endogenous
levels of nuclear NF-xkB/Rel proteins in these
malignant cells (Sovak et al., 1997). Interestingly, the
activity of the pl.6 Bgl reporter plasmid increased in a
dose-dependent fashion with transfection of increasing
levels of AhR expression plasmid alone. Following
transfection with 4 ug of pc-DNA3-AhR, CAT activity
was 2.140.4-fold higher than basal levels. This result
may be due to the effect of relatively high levels of
constitutively active endogenous RelA protein present
in these cells (see below). When a suboptimal dose
(0.25 pg) of pEVRF-p65 plasmid alone was added, no
apparent change in pl.6 Bgl activity was seen.
However, co-transfection of both the RelA and AhR
expression plasmids resulted in induction of a higher
level of c-myc promoter activity than was seen
following transfection of either plasmid alone (Figure
2b). Specifically, a 3.140.3-fold induction of the c-
myc promoter activity was observed following co-
transfection with 4 ug pc-DNA3-AhR and 0.25 ug
PEVRF-p65 expression plasmids. The fact that the
cooperative effects seen following AhR and RelA
plasmid co-transfections in Hs578T cells were not as
great as those seen in co-transfected MCF-10F cells
may have been due to the higher level of background
activity in the former cells, as well as the modest
induction of reporter activity following transfection
with 4 ug AhR expression plasmid alone in Hs578T
cells.




DW Kim et af
5501
A) B)
10000 120000
N g
2 S 100000
:
§ g o000
=
4 iy
-‘E’ 2 6000
'z-'; ]
g g 40000
20000
0
pl.6Bgl lug lug lug lug lug lug - . - pl.6Bgl lug  lug lug qyg lug lug lug
peDNA3-ARR 20z 4vg - 2ug 4ug - - Aug PDNAS-ARR - lug 2ug 4 2ug doe
PEVRF-p65 125 ug 125 ug 125 ug - .125 ug.125 ug PEVRF-p65 25 ug 25ug 25 ve
pl.6Bgl dbl mut - - - - - - lug lug tug
Figure 2 RelA and AhR cooperate to transactivate the wildtype p1.6 Bgl, but not the p1.6 Bgl dbl mut, c-myc promoter construct.
(a) Confluent MCF-10F cells (~200 000 cells in 35 mm? dishes) were transiently transfected, in duplicate, with either 1 ug pl1.6 Bgl
or pl.6 Bgl dbl mut, and 0, 2, or 4 ug pcDNA3-AhR (murine AhR) expression vector in the absence or presence of 0.125 ug pEVRF-
P65 (RelA expression) plasmid using 7 ul FUGENE reagent. In each transfection, 1 ug of TK-luciferase plasmid was added as an
internal control for normalization of transfection efficiency. Total DNA transfected was maintained at 6 ug by addition pcDNA3
plasmid (parent vector for pcDNA3-AhR). Transfected cells were harvested after 24 h in reporter lysis buffer, and analysed for CAT
and luciferase activity. CAT activities are presented normalized for transfection efficiency, using the luciferase activity. (b) Confluent
Hs578T breast cancer cells were transiently transfected, in duplicate, with 1 ug of p1.6 Bgl plus 0, 1, 2, or 4 ug of pcDNA3-AhR, in
the absence or presence of 0.25 ug of pEVRF-p65 plasmid using 5 ul of FUGENE reagent. In each transfection, 0.5 ug of TK-
luciferase plasmid was added and total DNA was maintained at 6 ug by addition of the appropriate amounts of pcDNA3 plasmid.
After 24 h, cells were harvested and analysed for CAT and luciferase activities and protein levels. Values were normalized to protein
levels because the TK-luciferase activity was not appreciable in these cells at confluence
. and a novel upper band (labeled ‘N’) were seen
AhR|RelA complexes bind to the URE NF-xB element (Figure 3a). The intensity of band 1 increased. Equal
To determine whether the AhR and RelA proteins are  loading of the lanes was confirmed in EMSA for an
able to associate with the NF-xkB binding elements in Oct-1 probe (data not shown). Addition of fourfold
the c-myc gene, electrophoretic mobility shift assays or 20-fold molar excess wild type URE oligonucleo-
(EMSA) were performed using an oligonucleotide  tide successfully competed away complexes repre-
containing the NF-xB upstream regulatory element  sented in both bands, whereas addition of similar
(URE) as probe. To enhance AhR and RelA  amounts of mutant URE oligonucleotide, having the
expression, nuclear extracts from transfected Hs578T  same two G to C conversions as in the pl.6 Bgl dbl
cells were used. (HsS78T cells were selected rather  mut construct (Duyao et al., 1992), failed to compete
than MCF-10F cells because of the better transfection  (Figure 3b).
efficiency obtained with this line.) Confluent cultures To determine the identity of the subunits found in
of Hs578T cells were transfected using FUGENE with  the two specific binding complexes, supershift EMSA
pcDNA3-AhR vector DNA in the absence or presence  was performed using polyclonal rabbit antibodies
of pEVRF-p65 RelA expression plasmid. As an  raised against either RelA or the AhR. Addition of
additional control, cells were transfected with empty  the AhR antibody specifically ablated band N without
parental pcDNA3 vector alone. Nuclear extracts, significantly changing the migration pattern of band 1
prepared 24 h post-transfection, were then used in  (Figure 4a). Antibody alone plus probe did not yield a
EMSA. Since an AhR/RelA complex might not bind  similar complex (Figure 4c). Furthermore, the AhR
DNA with the same affinity as typical NF-«xB  antibody had no affect on binding of nuclear proteins
complexes, a lower dI:dC concentration was used to  to an Oct-1 sequence (data not shown). Addition of the
reduce the likelihood of competing away a specific =~ RelA-specific antibody (sc-372X) clearly ablated for-
binding complex. In control cells transfected with only =~ mation of both band 1 and band N (Figure 4b,c).
parental pcDNA3, a major band migrating with the  Addition of a second RelA-specific antibody #1226
mobility of classic NF-kB was detected (labeled as  (kindly provided by N Rice) similarly reduced
band 1 in Figure 3a). No change in the binding formation of both band 1 and band N (data not
pattern was seen upon transfection with pcDNA3-  shown). In contrast, addition of an antibody against
AhR. When nuclear extracts from cells co-transfected  the p50 subunit reduced band 1 and ablated a minor
with pEVRF-p65 and pcDNA3-AhR expression plas-  band below (Figure 4b). An equivalent amount of a
mids were used, both the putative classic NF-kB band  rabbit polyclonal antibody against an irrelevant protein
Oncogene
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Figure 3 Expression of RelA and AhR yields a novel URE NF-«B element binding complex. (a) Co-transfection with AhR and
RelA expression vectors leads to formation of a novel complex. Confluent cultures (100 mm? dishes) of Hs578T cells were
transfected with either 52 ug pcDNA3 empty vector, or 50 ug pcDNA3-AhR in the absence or presence of 2 ug pEVRF-p65
expression plasmid using 70 ul FUGENE reagent. After 24 h, nuclear proteins were isolated using the method of Dignam et al.
(1983), and subjected to EMSA for NF-xB binding. N indicates position of a new complex; 1, indicates position of a previously
observed major complex. (b) Competition EMSA confirms the specificity of the major bands. Nuclear extracts of Hs578T cells co-
transfected with pcDNA3-AhR and pEVRF-p65 were pre-incubated with either 4- or 20-fold molar excess unlabeled wildtype (URE)
or mutant (mt URE) URE prior to the 30 min incubation reaction with the radiolabeled URE. Two nonspecific bands were
identified and marked with an asterisk (*)
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aAhR
aRelA
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Figure 4 Novel NF-xB binding complex contains AhR and RelA protein. Nuclear extracts from the AhR and RelA expression
vector co-transfected cells, prepared as described above in Figure 3, were incubated with the URE probe. Following a 30 min
binding reaction, antibodies were added as indicated, the reactions incubated for an additional 1 h, and subjected to EMSA.
Alternatively as control, antibodies were added to the probe in the absence of extract, and the mixture incubated as above, and
subjected to EMSA. (a) Extracts were incubated in the absence (lane 1) or presence of 1 ul AhR-specific antibody (BioMol #SA-
210) (lane 2) and subjected to EMSA. Specific binding complexes are indicated as band 1 and band N, as above; nonspecific bands
are marked with an asterisk (*). (b) Extracts were incubated in the absence (lane 1) or presence of either 1 ul RelA-specific antibody
(sc-372X) (lane 2) or 1 ul p50-specific antibody (sc-114) (lane 3), and processed as above. (¢) Extract was incubated in the absence of
antibody and EMSA performed, as above (lane 1). Alternatively either 1 I AhR-specific antibody (BioMol #SA-210) (lane 2) or
1 pl RelA-specific antibody (sc-372X) (lane 3) was incubated with the probe alone, and subjected to EMSA

(YY1, sc-281-X) failed to alter binding to the URE .

(data not shown). Thus, band 1 contains RelA and p50 AR and Reld induce the endogenous c-myc gene
proteins, and most likely represents binding of classical ~ To verify that the affects of AhR and RelA can be seen
NF-«kB heterodimers (RelA/p50). Based on its migra- on chromosomal c-myc genes, co-transfection analysis
tion, the minor lower band likely consists of p50  was performed. Cultures of MCF-10F cells at 70%
homodimers. Finally, band N contains both RelA and  confluence were transfected with pEVRF-p65 or T7-
AhR proteins. pcDNA3-AhR vector DNA alone or in combination.

Oncogene




Whole cell extracts were prepared and subjected to
immunoblot analysis for c-Myc and f-actin protein,
which confirmed equal loading (Figure 5). Using
densitometry of this and a duplicate experiment, an
increase in c¢-Myc level of 3.1+0.00-fold and
2.7540.05-fold, respectively upon expression of RelA
or AhR alone compared to control vector DNA was
measured. An increase in c-Myc expression of 9.5 +3.2-
fold was observed upon co-transfection of both
pEVRF-p65 and T7-pcDNA3-AhR vector DNAs into
MCF-10F cells. Thus, while increases in the level of c-
Myc protein were seen upon transfection of MCF-10F
cells with either vector alone, a greater induction was
seen upon transfection of the combination of pEVRF-
p65 and T7-pcDNA3-AhR vector DNAs. These results
confirm the ability of RelA and AhR to cooperate in
activation of the c-myc gene.

Discussion

Here we show the physical and functional association
of the RelA subunit of NF-«B and AhR in
transactivation of the c-myc gene in breast epithelial
cells. Specifically, RelA and AhR were physically
associated in malignant Hs578T breast cancer. Using
transfection analysis, RelA and AhR cooperated to
transactivate the c-myc promoter in non-malignant
MCF-10F mammary epithelial cells and to a lesser
extent HsS578T cells. Furthermore, RelA and AhR
enhanced endogenous c-Myc protein levels in MCF-
10F cells. As judged by transfection and mobility shift
analyses, the RelA and AhR proteins formed a novel
complex that bound to the wild type but not mutant
NF-«B element of the c-myc gene. We postulate it is
this complex, binding via the NF-xB element, that
transactivated the c-myc promoter. Co-transfection of
vectors that express AhR and RelA proteins with a
wild type c-myc promoter-reporter construct, but not
with a promoter construct mutated in the NF-xB
binding URE and IRE sites, led to increased levels of
c-myc promoter transactivation. In contrast, coopera-
tion between AhR and RelB or c-Rel subunits of NF-
kB/Rel in transactivation of the c-myc gene was not
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Figure 5 RelA and AhR cooperate to induce the endogenous c-
myc gene in MCF-10F cells. Cultures of MCF-10F cells, at 70%
confluence, were transiently transfected with 4 ug pEVRF-p65 or
20 ug T7-pcDNA3-AhR DNA alone or in combination with 30 ul
FUGENE transfection reagent. Total transfected DNA was
maintained at 24 ug by addition of pcDNA3 plasmid. Alterna-
tively, cells were transfected with pcDNA3 plasmid DNA alone
(Vector). After 48 h, cells were harvested and samples of whole
cell extracts (40 pg) subjected to immunoblot analysis for c-Myc
(786-4) and B-actin (AC-15) proteins
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observed in similar transfection analysis (data not
shown). Furthermore, the novel transcription factor
complex did not appear to contain the p50 subunit.
Consistent with these findings, RelA but not p50 was
found to specifically interact with the AhR in murine
hepatoma cells (Tian et al., 1999). Thus, based on the
relative mobility in EMSA, and the identified presence
of both RelA and AhR in the novel complex, our
results suggest that the RelA and AhR bind the URE
as a heterotypic dimer composed of one subunit of
each protein.

Recently, we demonstrated that rodent and human
mammary tumors are typified by aberrant activation of
NF-kB/Rel (Sovak et al.,, 1997) and overexpression of
AhR (Trombino et al., 2000). These tumors are often
also characterized by overexpression of c-myc (Berns et
al., 1992; Borg et al., 1992; Pavelic et al., 1991; DWK
and GES, unpublished observations). While in some
tumors c-myc genes were present in large copy
numbers, in other cases overexpression of c-Myc
protein was seen without gene amplification (Pavelic
et al., 1991). The ability of AhR to cooperate with
RelA to transactivate promoters through NF-xB
elements suggests a novel mechanism for regulation
of c-myc gene expression.

RelA protein interactions with other transcription
factors have been found to lead either to induction
(Bassuk et al, 1997, Shen and Stavnezer, 1998) or
repression (Wissink ez al., 1997; Ferrier et al., 1999) of
gene transactivation. In most cases, transcription
complex-DNA association involves binding sites for
both NF-«B and the partner transcription factor,
which are in close proximity to one another (Shen
and Stavnezer, 1998; Dickinson et al., 1999). However,
neither a consensus XRE, which would bind AhR/
ARNT complexes, nor an AhR binding half site (5'-
CGTC-3") (Dickinson et al., 1999) are present in close
proximity to either the URE or the IRE NF-xB
elements in the murine c-myc gene. In addition, a 10-
or 50-fold molar excess of cold XRE did not compete
successfully for AhR/RelA-URE binding (data not
shown), suggesting that DNA domains typically bound
by an AhR/ARNT complex are not required for AhR/
RelA-URE binding. Consistent with this observation,
competition EMSA with oligonucleotides mutated at
additional bases within the core NF-xB element failed
to successfully compete for binding (data not shown).

Our findings differ significantly from those reported
by Tian and coworkers (1999) who observed repression
of RelA transactivation by AhR in a murine cell line.
Several explanations may be given for these differences.
Tian et al. (1999) used a multimerized consensus NF-
kB element (5-GGCAGGGGAATTCCCC-3") con-
struct in their studies, while we employed a c-myc
promoter construct. Of note, the core sequence of the
consensus binding element differs significantly from
that found in the two NF-kB elements within the c-myc
gene (Duyao et al, 1990; Kessler et al, 1992b).
Interestingly, no new binding complex was seen with
the NF-xB consensus clement (Tian et al., 1999),
whereas EMSA with the c-myc URE NF-«B element
revealed a novel AhR/RelA-containing band, consis-
tent with the functional cooperation in cells co-
transfected with AhR and RelA expression vectors. If
DNA binding is sequence specific, then only a subset of
NF-xB element-containing genes may be affected by
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AhR/RelA binding. Furthermore, the c-myc promoter
likely contains elements capable of binding other
potential cooperating transcription factors. Important
differences also reside within the cell types used, i.e.
murine hepatoma and COS-7 cells vs human mammary
cell lines. Interestingly, NF-xkB failed to transactivate
the c-myc promoter in normal mouse hepatocytes
(Bellas and Sonenshein, 1999), while it effectively
induced the promoter in breast cancer cells (Sovak et
al., 1997), suggesting that binding to overlapping
elements within the c-myc gene ablated the ability of
NF-xB to bind in hepatocytes.

Different subunits of the NF-«B/Rel family have
been shown to interact with members of other protein
families (Bassuk ez al., 1997; Shen and Stavnezer, 1998;
Wissink et al., 1997; Ferrier et al., 1999; Dickinson et
al., 1999; Stein et al., 1993; Raj et al., 1996; Kalkoven
et al., 1996; Na et al., 1999). In many of these cases,
the associations are fairly specific for the RelA subunit,
e.g., with glucocorticoid and progesterone receptors
(Wissink et al., 1997; Kalkoven et al., 1996) and the
YB-1 protein (Raj et al., 1996). In contrast, Stat6 (Shen
and Stavnezer, 1998), C/EBP (Stein et al., 1993), and
retinoid X receptor (Na er al, 1999) functionally
interact with both RelA and p50. Therefore, it is not
unusual that only cooperation between AhR and RelA
was detected in HMECs. Interestingly, a similar
functional interaction of RelA with the progesterone
receptor was noted in that p50 and c-Rel subunits
failed to affect the transcriptional activity of the
activated PR on a progesterone responsive element
construct (Kalkoven ez al., 1996). The Rel homology
region (RHR) is known to be important both for
dimerization of NF-xkB/Rel subunits (Grimm and
Baeuerle, 1993), as well as for interaction with many
of these other proteins (Wissink et al., 1997; Stein et
al., 1993). While some AhR domains involved in AhR
binding to proteins, such as ARNT, hsp90, and the
immunophilin-like ARA-9 protein have been evaluated
(Perdew and Bradfield, 1996; Meyer et al., 1998; Okey
et al., 1994; Carver et al.,, 1998), those required for
AhR dimerization with other proteins, e.g. Rb (Ge and
Elferink, 1998), have not been defined. The exact
domains mediating the interactions between AhR/RelA
and binding of the putative heterodimeric complex to
the c-myc promoter are under investigation.

The human c-myc gene has been found to contain
consensus XRE elements. Since our efforts were
focused on the potential effects of AhR/RelA interac-
tions, a c-myc promoter construct that does not
contain these elements was used to reduce complica-
tions with effects of AhR alone. Finally, it should be
noted that c-myc promoter activation following
transfection with AhR- and RelA-encoding plasmids
and AhR-RelA dimerization in the nuclei of non-
transfected cells occurred in the absence of exogenous
AhR ligands. These results suggest constitutive AhR
activity in mammary tumor cell lines. This hypothesis
is strongly supported by constitutive nuclear AhR
expression (Chang and Puga, 1998; Singh et al., 1996),
and constitutive AhR-mediated transcriptional activity
(Chang and Puga, 1998; Ma and Whitlock, 1996) in
mouse hepatoma, monkey kidney, and human epithe-
lial carcinoma cell lines. Furthermore, we have recently
demonstrated constitutive nuclear AhR expression and
high levels of an AhR-regulated gene, CYPIBI, in rat
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mammary tumors (Trombino et al., 2000). While these
results support a role for constitutive AhR activation
in tumorigenesis, organ defects observed in AhR-/-
mice suggest a role for developmentally regulated AhR
activation in organogenesis (Hushka ez al., 1998;
Fernandez-Salguero et al., 1995; Lahvis and Bradfield,
1998; Abbott et al., 1999; Robles et al., 2000). The
endogenous signals that induce AhR activity, and the
extent to which these AhR activities are modulated by
exogenous AhR ligands remain to be elucidated.

Materials and methods

Cell growth and treatment conditions

MCF-10F is a human mammary epithelial cell line estab-
lished from a patient with fibrocystic disease, which does not
display malignant characteristics (Calaf and Russo, 1993).
The Hs578T tumor cell line was derived from a mammary
carcinosarcoma and is epithelial in origin (Hackett et al.,
1977).

Synthesis of AhR expression construct

Full length 4hR ¢cDNA was PCR amplified using the pMu-
AhR plasmid (kindly provided by Dr C Bradfield, University
of Wisconsin, Madison, WI, USA) as template, with the
following primers carrying Xbal restriction sites: sense 5'-
CTA GTC TAG ACC ATG AGC AGC GGC GCC AAC-3;
anti-sense 5-CTA GTC TAG AAA GCT TAG TAT CGA
ATT-3'. The AhR cDNA was amplified with Pfu Turbo
polymerase (Stratagene, La Jolla, CA, USA). The PCR
product was gel purified and subcloned into the Xbal site of
the 77-pcDNA3 plasmid constructed by linking the DNA
coding for the 11 amino acid leader peptide of the T7 major
capsid protein (digested out from the pTOPE pET translation
vector (Novagen, Madison, WI, USA) to the BamHI site of
pcDNA3 (Invitrogen, Carlsbad, CA, USA). Proper AhR and
T7-pcDNA3 directional cloning was confirmed by restriction
analysis and DNA sequencing.

Transfection and immunoprecipitation analysis

Cells were transfected in 100 mm? culture plates with 5 ug of
T7-pcDNA3-AhR or T7-pcDNA3 mixed with 6 ul FUGENE
transfection reagent (Boehringer Mannheim, Indianapolis,
IN, USA), according to the manufacturer’s instructions.
After 36 h, cells were rinsed with cold PBS. For total cell
lysates, transfected or untransfected cells were lysed in 1 ml
immunoprecipitation buffer (50 mm Tris-HCl, pH 8.0;
150 mM NaCl; 2 pg/ml leupeptin; 2 pug/ml aprotonin; 5 ug/
ml phenylmethylsulfonyl fluoride) containing 1% IGEPAL
CA-630 detergent (Sigma Chemical Co., St. Louis, MO,
USA) for 20 min on ice, and centrifuged at 14 000 r.p.m. for
10 min. Alternatively, cytosolic and nuclear fractions were
prepared essentially as described (Pollenz et al., 1994).
Aliquots were incubated for 1 h with 5 ug/ml polyclonal
rabbit anti-RelA/p65 antibody, normal rabbit IgG, poly-
clonal goat anti-AhR antibody or normal goat IgG (all
antibodies from Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and immunoprecipitates collected and washed using
protein A-sepharose beads. Eluted proteins were subjected to
electrophoresis and immunoblot analysis, as described
previously (Yamaguchi et al., 1997a,b). Blots were probed
with HRP-anti-T7-epitope tag antibody (Novagen), anti-
RelA antibody (sc-372, Santa Cruz Biotechnology), or
polyclonal goat anti-AhR antibody (sc-8088, Santa Cruz
Biotechnology) for 1 h at room temperature. After thorough
washing, the membranes were treated for another 45 min
with goat anti-rabbit-HRP antibody for RelA-specific




immunoblotting or with anti-goat IgG-HRP antibody for
AhR-specific immunoblotting. Membranes were developed by
chemiluminesence (Du Pont NEN Research Products Co.,
Boston, MA, USA) after washing three times with TBS
containing 0.05% Tween (Sigma).

Transfection and immunoblot analysis

Cultures of MCF-10F cells, at 70% confluence, were
transiently transfected with 4 ug pEVRF-p65 or 20 ug T7-
pcDNA3-AhR DNA alone or in combination with 30 ul
FUGENE transfection reagent. Total DNA transfected was
maintained at 24 ug by addition of pcDNA3 plasmid. After
48 h, cells were rinsed with cold PBS, and harvested in lysis
buffer (50 mm Tris-HCl, pH 8.0; 5mM EDTA, pH 8.0;
150 mM NaCl; 0.5 mM DTT; 2 ug/ml aprotinin; 2 ug/ml
leupeptin; 0.5 mM PMSF; 0.5% NP40). Whole cell extracts
(WCE) were obtained by sonication, followed by centrifuga-
tion at 14 000 r.p.m. for 30 min. Samples (40 ug) of WCEs
were subjected to electrophoresis and immunoblot analysis,
as above. Blots were probed with rabbit anti-c-Myc antibody
(786-4, a gift from S Hann, Vanderbilt University, Memphis,
TN, USA), and mouse anti-B-actin monoclonal antibody
(AC-15, Sigma).

Promoter activity analysis

Confluent cultures of MCF-10F or HsS78T cells were
transiently transfected using FUGENE transfection, as
above, with wild type pl.6 Bgl c-myc promoter CAT or a
mutant c-myc promoter CAT reporter, termed pl.6 Bgl dbl
mut vector, described previously (Duyao et al., 1992). These
constructs contain —1141 to+513 bp of the murine c-myc
promoter/exonl/upstream sequences, including the two NF-
kB elements in either wild type or mutant versions, driving a
chloramphenicol acetyl transferase (CAT) reporter gene
(Duyao et al., 1992), and does not contain XREs. Vectors
pcDNA3-AhR, encoding murine AhR (Dolwick et al., 1993)
and pEVRF-p65, encoding murine RelA protein (kindly
provided by R Sen, Brandeis University, Waltham, MA,
USA) were co-transfected, as indicated. In each transfection,
1 ug of TK-luciferase plasmid was added as an internal
control for normalization of transfection efficiency. Total
DNA transfected was maintained at 6 ug by addition of
pcDNA3 plasmid (parent vector for pcDNA3-AhR). Trans-
fected cells were harvested after 24 h in reporter lysis buffer,
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Her-2/neu overexpression induces NF-«xB via a P13-kinase/Akt pathway
involving calpain-mediated degradation of IxB-a that can be inhibited by

the tumor suppressor PTEN
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The Nuclear Factor (NF)-xB family of transcription
factors controls expression of genes which promote cell
growth, survival, and neoplastic transformation. Recently
we demonstrated aberrant constitutive activation of NF-
xB in primary human and rat breast cancer specimens
and in cell lines. Overexpression of the epidermal growth
factor receptor (EGFR) family member Her-2/nen, scen
in approximately 30% of breast cancers, is associated
with poor prognosis. Previously, Her-2/neu has been
shown to signal via a phosphatidylinositol 3 (PI3)-kinase
to Akt/protein kinase B (PKB) pathway. Since this
signaling pathway was recently shown to activate NF-
xB, here we have tested the hypothesis that Her-2/neu
can activate NF-«B in breast cancer. Overexpression of
Her-2/neu and EGFR-4 in Ba/F3 cells led to constitutive
PI3- and Akt kinase activities, and induction of classical
NF-xB (p50/p65). Similarly, a tumor cell line and
tumors derived from MMTYV-Her-2/neu transgenic mice
displayed elevated levels of classical NF-xB. Engagement
of Her-2/neu receptor downregulated the level of NF-«<B.
NF-xB binding and activity in the cultured cells was
reduced upon inhibition of the PI3- to Akt kinase
signaling pathway via ectopic expression of kinase
inactive mutants, incubation with wortmannin, or
expression of the tumor suppressor phosphatase PTEN.
Inhibitors of calpain, but not the proteasome, blocked
1:B-2 degradation. Inhibition of Akt did not affect IKK
activity. These results indicate that Her-2/neu activates
NF-kB via a PI3- to Akt Kinasc signaling pathway that
can be inhibited via the tumor suppressor PTEN, and is
mediated by calpain rather than the IxB kinase complex.
Oncogene (2001) 00, 12871299,

Keywords: breast cancer; EGF reccptor; transgenic
mice; NF-xB; IxB-a; calpain

*Correspondence: GE Sonenshein, Department of Riochemistry,
Boston University Medical School, 715 Albany Street, Boston, MA
02118, USA

3Current address: Department of Pharmacology, University of
Tennessce, Memphis, TN 38163, USA

Reccived 20 Oclober 2000; revised 5 Jannary 2001; accepted 9
January 2001

Introduction

NF-kB/Rel is a family of dimeric transcription
factors characterized by the presence of a Rel
homology region (RHR) of about 300 amino acids
in length, which controls multiple functions including
dimerization and nuclear localization. Classical NF-
xB is a heterodimer composed of p65 (or RelA) and
pS0 (or NFxB1) subunits (Grimm and Bacuerle,
1993). The RelA subunit has potent transactivation
ability, while the p50 subunit has only modest
transactivation potential i vivo, but binds very
avidly to an NF-xB clement (Ballard et al, 1992;
Grimm and Bacucrle, 1993; La Rosa e/ al, 1994).
Many genes are regulated by NF-xB (Grimm and
Baeuerle, 1993). For example, we demonstrated that
the cmyc oncogene is potently transactivated by
NF-xB/Rel factors (Duyao er al., 1992; Kessler et
al., 1992; La Rosa et al., 1994). In most cells, other
than B lymphocytes, NF-«B/Rel protcins are sequcs-
tered in the cytoplasm bound to one of the specific
inhibitory proteins termed IxBs of which IxB-a is
the paradigm. During activation of NF-xB by such
extracellular stimuli as TNF and IL-1, phosphoryla-
tion of TxB-x by the IxB kinasc complex targets the
inhibitor protein for degradation via the proteasome
pathway. Thc IxB kinase complex contains two IxB
kinases, IKKa (or IKK-1) and IKKf (or IKK-2).
Activation of the IkB kinasc complex is mediated
via phosphorylation of either IKKx or TKKS
(DiDonato et al., 1997, Mercurio et al., 1997;
Regnier et al., 1997, Woronicz et dl., 1997). IkB-«
is then recruited in the IkB kinase complex, where it
is phosphorylated by the [unctional IKKz/IKKf
heterodimer at serine residues at positions 32 and
36 (reviewed in Mercurio and Manning, 1999). This
phosphorylation is followed by ubiquitination and
rapid degradation through the protsasome pathway
(Brown et al., 1995; Chen ef al., 1996; DiDonato et
al., 1996). This pathway is not universal, however,
and proteasomc-mediated degradation of IkBa has
been ruled out recently in the case of NF-«B
induction by oxidative stress and in its constitutive
expression in early mature¢ B cells (Ficlds er al,
2000; Miyamoto et al., 1998; Schoonbroodt et al.,
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2000). In these cases, degradation of IxB-a by
calpain has been implicated.

Several ycars ago, we (Sovak ef al, 1997) and
others (Nakshatri er al, 1997) demonstrated that
breast cancer cell lines and primary breast cancer
specimens are typified by abcrrant constitutive
activation of NF-xB. Specifically, human breast
tumor cell lines, and the majority of primary human
breast tumor tissuc samples and mammary umors
induced upon carcinogen treatment of female
Sprague-Dawley rats were found to constitutively
express high levels of nuclear NE-xB/Rel. In
contrast, untransformed breast epithclial cells and
pormal rat mammary glands contained the expected
low basal levels. The Her-2/neu (or c-crbB-2)
oncogen¢, the second member of the epidermal
growth factor (EGF) receptor family (EGFR-2),
encodes a transmembrane tyrosinc kinase receptor.
Overexpression of Her-2/neu, which has been seen in
approximately 30% of breast camcers, is associated
with poor overall survival (Hortobagyi er al., 1999).
In particular, it has been found associatcd with
increased metastatic potential and rcsistance to
chemotherapeutic agents, Transgenic mice overexpres-
sing Her-2/neu develop focal mammary tumors after
a long latency, whereas, multi-focal numors appeared
after a significanily reduced timc frame upon
overexpression of both Her-2/neu and TGF-¢, a
ligand for this EGFR member (Guy ez al., 1992;
Muller ¢ al., 1996). Recent work has implicated the
phosphatidylinositol 3 (PI 3)-kinase and serine/
threonine kinase Akt/protein kinasc B (PKB) in
Her-2/nen signaling (Adam er al., 1998; Ignatoski et
al.,, 2000). PI3-kinase has beecn shown to play an
important role in proliferation and cell survival
induced by many cytokines (Miyajima er al., 1999).
The tumor suppressor PTEN is a multifunctional
phosphatase, which is capablc of dephosphorylating
products of PI3-kinase (Di Cristofano and Pandoli,
2000). PI3-kinase signaling is mediated via activation
of the serine/threoninc kinase Akt/protein kinase B
(PKB) (Kennedy et al, 1997). Pl3-kinasc signaling
has also been linked to the induction of NF-«B
(Arsura et al, 2000; Beraund er al, 1999). For
example, we showed that PI3-kinase signaled NF-«B
activation via IKKa in Ras-transformed rat liver
epithelial cells (Arsura er al, 2000). Furthermore,
Akt was rccently shown to activate NF-«B via the
IKK complex in response to TNF or PDGF
stimulation (Ozcs et al, 1999; Romashkova and
Makarov, 1999). Thus, here we have examined the
role of Her-2/neu in mediating induction of NF-xB
in breast cancer. We demonstrate NF-«B induction
in breast cancer cell lines and primary mousc
tumors. Furthermore, actjvation occurs via a PI3-
kinase to Akt pathway that can be represscd by
the tmor suppressor PTEN. Surprisingly, this
activation does not appear to be mediated via the
IKK complex proteasome pathway but rather our
results implicate calpain in the basal degradation of
IkB-a.
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Results
Overexpression of Her-2[neu+ EGFR-4 induces NF-xB

To determinc whether overcxpression of Her-2/neu
can lead to induction of NF-xB, we characterized Ba/
F3 cloncs stably expressing cither EGFR-1 (Ba/F3-1),
EGFR-2 (Her-2/new) (Ba/F3-2), or combinations of
EGFR-1+Her-2/nen (Ba/F3-1+2), and Her-2/
neu+EGFR-4 (Ba/F3-2+4). Ba/F3 cells transfected
with the empty vector LXSN DNA were employed as
control {(termed ravental Ba/F3  here). We  first
confirmed the préviously - observea basal tyrosine
phosphorylation activity of the Her-2/neu + EGFR-4
reccptor signaling using immunoblotting (Riese er al.,
1996). Whole cell extracts (WCEs) werc prepared
from the four clones, as wcll as from parental Ba/F3
cells. Samples were subjected to an immunoblot assay
with an antibody specific for phosphotyrosine Her-2/
ncu (Figure la). As expected, tyrosinc phosphoryla-
tion of the Her-2/neu protein was observed in Ba/F3-
2+4 cells overexpressing Her-2/neu+ EGFR-4 pro-
teins. In addition, low levels of activity were scen in
Ba/F3-1 cells, expressing EGFR-1. Equal loading was
confirmed by immunoblot analysis of thc same filter
for Akt protcin levels. Thus, as scen previously (Ricese
et al, 1996), overexpression of the Hcr-2/
ncu+EGFR-4 tceeptors in Ba/F3 leads to elevated
kinase activity and resultant basal phosphorylation of
Her-2/neu.

To assess NF-kB/Rel binding levels, nuclear
extracts were preparcd from the Ba/F3 lines and
used in EMSA. An oligonucleotide containing the
NFE-xB element upstream of the c-myc promoter,
which binds all Rel family members (La Rosa ez al.,
1994) was used as probe. Nuglear extracts from the
parental Ba/F3 cells and from the Ba/F3-2 cells
displayed low levels of two NF-«B binding complcxes
(Figure 1b). Higher levels of band 1 were seen in the
Ba/F3-1, Ba/F3-1+2 and Ba/F3-2+4 lanes. Intercst-
ingly, an increased level of band 2 was observed
predominantly in the Ba/F3-2+4 cell extract, and to
a lesser extent in the Ba/F3-1 lane (better scen with a
longer cxposure). Equal loading was confirmed by
analysis for the ubiquitously expressed Spl protein
(Figure 1b, bottom panel). Similar profiles were seen
previously in wild-typc Ba/F3 cells and bands 1 and
2 were identified as pS0 homodimers, and classical
NF-xB (p50/p65), respectively (Besancon et al., 1998;
Jeay er al, 2000). To confirm the identity of the
subunits within the Ba/F3-2+4 cells, supershift
EMSA was performed (Figure lc). Addition of an
antibody that preferentially recognizes p50 in a
homodimer complex, eliminated band 1 and reduced
band 2. Addition of an antibody against p65
selectively reduced band 2. Taken together, these
results indicate that band 1 contains pS0 homodimers
and band 2 is a heterodimer of pS0/p65 or classical
NF-xB. Thus, ovcrexpression of the Her-2/
neu-+EGFR-4 receptors in Ba/F3 cclls leads to
clevated basal phosphorylation of Her-2/neu and to
activation of classical NF-kB.
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Figure 1 NF-xB aclivation in Ba/F3 cells expressing various EGF receprors. (a) Tyrosine phosphorylation of Her-2/neu is highest
in Her-2/neu +erbB-4 double recombinant Ba/F3 clones. Total proteins were isolated with RIPA buffer from Ba/F3 clones, and
samples (60 1g) were analysed by immunoblotting with an anti-phosphotyrosine Her-2/neu antibody (top panel), and an AKT
antibody, as control for equal loading (bottom panel). Bu/I'3 cell lines derived by transfection with vector LXSN DNA only, Ba/F3;
vectors expressing EGFR, Ba/F3-1; Her-2/men, Bu/E3-2; EGFR-+Her-2/neu, Ba/F3-1+2; Her-2/ncu+erbB-4, Ba/F3-2+4. (b)
HER-2/neu+erbB-4 double recombinant Ba/F3 cells display elevated levels of NF-xB/Rel binding levels. Nuclear extracls were
preparced from the Ba/F3 clones and used in EMSA with an oliponucleotide containing the URE NF-«B clement upstream of the c-
myc promoter, as probe (top panel) or with an Spl oligonucleotide, as a loading control (bottom panel). (c) Her-2/neu+ erbB-4
double recombinant Ba/F3 cells express classical NF-xB. Supershift EMSA was performed with nuclear extracis from the Her-2/
neu -+ erbB-4 transfected Ba/F3-2+4 cclls in the ahaence (none) or presence of antibodies specific for NF-xB subunit: pS0, se-114
{ap50). or p65. sc-372 (ap63). The two major complexces, labeled bands 1 and 2, were identificd as p50 homodimers and pS0/p6S,

respeclively

Activation of NF-xB occurs via a Pl3-kinase signaling
pathway :

Her-2/neu has been shown 1o signal via Pl3-kinasc,
which has been implicated in NF-xB induction (Arsura
et al., 2000). To test for involvement of this pathway,
we cmployed wortmannin, a potent PI3-kinase in-

hibitor (Arcaro and Wymann, 1993). Ba/F3-2-4 cells
were incubated for 24 h in the presence of 100 nM
wortmannin, that had been dissolved in DMSO, or the
equivalent amount of carrier solution. Wortmannin
treatment resulted in a significant decrease in NF-«B
binding compared to treatment with DMSO alone
(Figurc 2a). Equal loading of Spl confirmed the

1289
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selectivity of the observation. Since one of the
important downstream targets of PI3-kinase is Akt,
we next tested for phosphorylation of this kinase
(Figure 2b). A significant decrcase in Akt phosphor-
ylation was noted upon 24 h treatment with 100 nM
wortmannin. Densitometry indicated wortmannin-
treated cells displayed 60% of the Akt phosphorylation
seen in control cells. Thus, NF-xB activation in the Ba/
F3-2+4 cells appears to bc mediated via a Pl3-kinase
to Akt signaling pathway.

MMTYV-Her-2/neu tumor cell line expresses elevared
levels of classical NF-xB

The NF639 cell line was established from a mammary
tumor that arose in the MMTV-Her-2/neu transgenic
mouse (Elson and Leder, 1995). To test for NF-xB
activation, EMSA was performed using nuclear
extracts from these cells compared to non-tumorigenic
MCF-10F HMECs, which express only low basal levels
of classical NF-«xB (Sovak et al., 1997) (Figure 3). The
level of binding was significantly higher in the NF639

o
S

- GSK3a -GST

Figure 2 Wortmannin reduccs NF-xB binding and phesphor-
ylation of Akt Her-2/neu-erbB-4 transfected Ba/F3-2 4 cells
were incubazed for 24 h in the presence of PlI3-kinase inhibitor
wortmannin (100 nM) dissolved in DMSO or the cquivalent
volume of DMSO alone. (a) Nuclear extracts were isolated and
samples (5 ug) subjected to EMSA for NF-xB (left panel) and
Spl (right panel), as loading control. (b) Total proteins were
isolated with lysis buffer. Samples (60 ug) were immunoprecipi-
tated overnight with a phospho-Akt antibody iinmobilized on
aparose beads, and bound prowins used in & kinase assay with
1 ug GSK32-GST protein as substrate. Phosphorylated GSK3z
was identified by immunoblotting. Alternatively, samples (G0 ug)
were subjected to immunoblotting for B-actin, as a control for
equal protein loading
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line compared to MCF-10F cells. The specificity of the
complexes was confirmed using competition assays and
IkB-a-GST protein, a specific inhibitor of NF-kB DNA
binding. Successful competition was observed with the
NF639 cell extracts upon addition of excess oligonu-
cleotide containing wild-type but not mutant URE NF-
kB elements (Figure 3). Furthermore, addition of IxB-x
GST fusion protein, greatly reduced formation of
bands ] and 2. Bands 1 and 2 in the human MCF-
10F linc havc been identified as p50 homodimer and
pSO/p65 classical NF.-xB, respectively (Kim e al,
2000). Addition of an antibody against the p50 subunit
greatly reduced bands 1 and 2, while addition of an
antibody against p65 selectively reduced band 2. In
contrast, addition of an antibody against c-Rel subunit
had no detcetable effect on these specific complexes,
while a p52 specific antibody caused a slight reduction
in band 1. Thus, antibody supcrshift analysis identified
band 2 in the NF639 nuclear extract as consisting of
heterodimers of pS0 and p65, while band 1 contains
pS0 and possibly some pS2 protein, as well.

Using transient transfection analysis of wild-type vs
mutant NF-xB element driven CAT reporter constructs
(E8 vs mutE8), we previously demonstrated that MCF-

&
N
H5

e 3 S e D
& °°°s50 ég%é’ & d '5’

<

NF639

Figure 3 MMTV- Her-2/neu mammary twnor derived cell line
NF639 expresscs classical NF-xB. Samples of NF639 cell nuclear
extracts (5 pg) were incubated overnight at 4°C in the absence
(none), or the presence of 1 pg IkB-2-GST protein, or 1 ul
antibody against the p6S, ps0, p52, or ¢-Rel NF-<B subunits, as
indicated. Alernatively, a nuclear extract from MCF-10F (10F)
cells was used. EMSA for NF-xB was performed, as described in
Materials and methods. To test for specificity of binding, the
binding reaction with the NF639 ccll nuclear extract was
jncubated with 10 x or 20x excess unlabeled wild-type (URE)
or mutant URE oligonucleotide (mURE). as indicated, The
positions of two specific complex, labeled bands 1 and 2, as well
as, a non-specific complex (ns), are ay indicated. (All lanes ave
from the sume gel)
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10F cells display very little NF-xB transactivation oligonucleotides containing binding sitcs for PU.1, and
capability, consistent with the low levels of binding TCF-1 indicate the NF-xB binding in the tumor
seen (Kim et al., 2000). In particular, MCF-10F cclis sample npuclear cxtracts was not likely duc to
showed a minimal induction of E8 activity over the contamination of B lymphocytes, neutrophils, mast or
mutE8 of approximately 1.7-fold+0.6. Transicnt myeloid cells, or of T lymphocytes, respectively. Thus,
transfection analysis of the NF639 cells was performed ~ mammary tumors from MMTV-Her-2/ncu mice, as
similarly using the E8 and mutE8 TK promoter-CAT  well as the cell lines derived from these tumors, express
reporter vectors. A nincfold+0.4 higher level of  constitutive nuclcar NF-«B.
activity was obtained with E8 compared with mutE8
vNe;t_?cxi; I?r?c%n?irl:? tﬁrii::gfvgltslgl:};:i‘éﬁf;d levels of pivition of the PI3-kinase to AK! signaling pathway

) ) reduces NF-xB levels
. We next sought to determine the involvement of the
i\l{e t{z ZZ‘ZIZLZ/:‘;E;”,;';L mammary tumors express PI3-kinase/Akt signaling pathway in the activation of
NF-kB in the NF639 line. We first tested whether
We next asked whether mouse mammary tumors  specific inhibition of the pathway affects NF-xB
driven by MMTV-Her-2/neu express constitutive  binding. NF639 cells were transicntly transfected with
nuclear NF-xB. Nuclear extracts were prepared from vectors expressing either a kinasc inactive version of
several tumors and from histologically normal mam- PI3-kinase (PI3KA85) or of Akt (AktAK), which
mary glands from the same animals. As seen previously function as dominant negatives. Alternatively vectors
in the rat (Sovak et al, 1997; Kim er al., 2000), a expressing cither wild-type (Akt) or membrane form
normal mammary gland expresses only low levels of  of Akt, which is constitutively active (AktM) were
NF-kB (Figure 4a and data not shown). Tumors similarly transfected to determine whether increasing
displayed elevated levels of NF-xB (Figure 42),  the level of this kinase will enhance activation of NF-
consistent with the EMSA of the NF639 linc seen  &B in the NF639 line. The transfection efficiency of the
above (Figure 3). Two specific complexes were NF639 cclls was approximately 60% as judged by
apparent, as judged by competition analysis with  green fluorescent protein (data not shown). Expression
excess unlabeled oligonucleotide, which were labcled of either the dominant negative PI3-kinase or Akt
bands 1 and 2 (Figure 4b). Antibody supcrshift — caused a significant reduction in NF-xB binding
analysis identified bands 1 and 2 as p50 homodimers (Figure Sa), implicating this pathway in activation of
and p50/p6S heterodimers, respectively, consistent with this transcription factor in the NF639 MMTV-Her-2/
the studies on the NF639 line (Figure 4b). EMSA with  neu cclls. Expression of Akt had only marginal effects
A B0 DD B o 2 SO <>
<& Q‘g\ é‘? &Gﬁ FBE ‘é’éﬁ)
PU-1
2-
] —
T872
Figure 4 MMTV.Her-2/neu tumors display elevated NF-xB binding. Nuclear oxtracts were preparcd from the indicated
histologically normal mammary glands (N) and breast tumors (T) from MMTV-Her-2/ncu mice. (a) NF-xB EMSA. Samples of
nuclear extracts (5 pg) were subjected to EMSA for NF-~xB and 8pl, as loading control. (b) Antibody supershift. Samples of nuclear
extracts (S pg) from the TS72 tamor were incubated overnight at 4°C in the abscnce (none) or the presence of 1 ul antibody against
the pbS or p50 NF-xB subanits, or 1 pg IxB-2-GST protein, as indicated. EMSA for NF-xB was performed, as described in
Matcrials and methods. To test for specificity of binding, samples were incubated with 10x or 100x excess unlabeled wild-type
(URE). The positions of two specific complexes are as indicated, (¢) PU.1 and TCE-1 EMSA. Samples of nuclear extracts (5 ug)
were subjected 1o EMSA for PU.1 and TCI-1. Where indicated, samples (5 pg) of nuclear extract of WEHT 231 B cells (WLHI) and
Jurkat T cells (Jurkat) were added as controls for positive binding
Oncogene
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of NF639 cells were sransfected with 9 pg
AKLAK (dead kinase), Akt (wi Akt). After

48 h, nuclear extracts were prepared and samples (5 pg) used in EMSA with oligomucleotides conlaining elements for NF-xB or

Oct-1, as control for cqual loading. Positions of the two major NF-xB bands and the onc Oct-1 complex,
with { g NF-kcR-glement
AktAK (AktDN), Akt,
were prepared and samples, normalized for B-galactosidase activity,

Cultures (P35) of NF639 cells were transfected, in triplicate,
2 ug cither pPCMYV cmply vector (parental), or of vectors:

are as indicated. (b)
driven luciferase construct in the presence of
or AktM, and 1 pg SY40Bgal. After 36 h, extracts
were assayed for luciferase activity. The average values are

presented +/— the standard deviation. (c) Cultures of NF$39 cells were transfecied, as in part (a), with cither pCMYV cmpty vector,

or the indicated expression constructs.

Aftcr 24 b, nuclear cxtracts were prepared and samples (S 48) used in EMSA with

oligonucleotides containing elements for NF-iB or Spl, as control for equal loading

on NF-xB binding, while cxpression of the myristy-
lated AktM form led to increased NF-«B binding
(Figure 5a). Equal loading was confirmed via EMSA
for the Oct-1 protein (Figure 5a). We next assessed the
effcets of these vectors on NF-kB activity, using co-
transfection analysis of an NF-xB element driven
luciferase construct (Figure 5b). Expression of the
dominant negative Akt caused an over 80% rcduction
in NF-xB activity while expression of the constitutively
active myristylated AkIM form resulted in elevated
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NF-«B activity, and the wild-typc Akt had little effect
on activity or binding (Figurc 5b). Thus, the changes in
NF-xB binding were paralicled by changes in activity.
Taken together, thesc findings indicate a PI3-kinase/
Akt pathway plays a role in the constitutive activation
of NF-xB in the MMTV-c-nev NF639 cells.

The PTEN lipid phosphatase, which is thc most
highly mutated tumor-suppressor genc in breast cancer,
has been shown to functionally down-modulate PI3-
kinase activity (reviewed in Di Cristofano and




Pandolfi, 2000). Thus we next asked whether PTEN
expression affects NF-xB binding. NF639 cells were
transfected with a PTEN expression vector or with the
dominant ncgative PI3-kinase and Akt expression
vectors for comparison and EMSA performed. As
seen in Figurc Sc, expression of PTEN reduced the
level of NF-xB binding, although, to a lesser extent
than seen with the kinase inactive PI3-kinase and Akt
proteins. Equal loading was confirmed by analysis for
Sp! binding. Thus, PTEN reduces the activation of
NF-xB seen in the Her-2/neu transformed NF639 line.

Engagement of the Her-2/neu receptor reduces NF-xkB
levels

Anti-ncu antibody treatment of breast cancer cells in
viro has been found to causc a reversion of
transformed phenotype (Drebin ez al., 1985; Pegram
et al., 1998). Since NF-xB has been implicated in
regulation of genes that control transformed phenotype
of breast cancer cclls, including c-myc (Duyao et al,
1992; Kessler ez al., 1992; La Rosa er al., 1994), we
next evaluated the cffects of this treatment on NF-xB.
NF639 cells were incubated with an antibody that
recognizes rat Her-2/neu (aneu) for 24 h, and nuclear
extracts subjected to EMSA for NF-«B and Spl, as a
control for cqual loading. As seen in Figure 6a, the
anti-Her-2/neu antibody caused a significant reduction
in NF-«B binding. To verify the efficacy of the
antibody treatment on the Akt signaling pathway,
extracts were subjected to an Akt kinase assay. Whole
cell extracts were immunoprecipitatcd with a mono-
clonal anti-Akt, which preferentially recognizes phos-
phorylated protein. GSK3¢-GST was then used as
substrate with the resulting immunoprecipitated Akt,
and phosphorylated material identified by immunoblot
analysis for phosphorylated GSK3a«-GST protcin
(Figure Gb). Treatmcnt with the Her-2/ncu antibody
resulted in a decrease in phosphorylated GSK3a-GST,
demonstrating receptor engagement causcs decreased
Akt kinase activity. Immunoblotting of the WCE for
B-actin demonstrated the specificity of the decrease in
Akt kinase activity (Figure 6b). Overall, these results
confirm the ability of anti-Her-2/neu treatment (o
reduce NF-xB levels in breast cancer cells, and suggest
involvement of Akt.

IKK pathway is not involved in the NF-xB induction by
Her-2[ncu

To explore the role of the 1xkB Kkinase/proteasome
pathway, NF639 cells were incubated in the presence ol
either 40 pg/ml of MG132, a specific inhibitor of the
protcasome pathway or carrier DMSO, as conuol.
After 30 min, cycloheximide was added and WCEs
prepared at the times indicated and subjected to
immunoblotting for IxkBa expression (Figure 7a).
Addition of MG132 had only a very modest affect on
decay of I«B-2. To verify thc cflcctiveness of the
MG132, the blot was probed for expression of the
cyclin-dependent kinase inhibitor p27%* protein, which
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Figure 6 Engagement of the Her-2/neu receptor reduces NF-xB
binding. Cultures (P100) of NF639 cells were incubated in the
absence or prescnce of 1 ug anti-HIER-2/neu (znew) antibody for
24 h and nuclcar and whole cell extructs preparcd. (a) EMSA.
Samples of nuclear extracts (5 ) were subjected to EMSA for
NF-xB and Spl, as loading control. (b) Ak kinase assay. Samples
of whole cell extracts (80 jg) were incubated with an Akt
antibody, and the resulting immunoprecipitated Akt protein
subjected to kinase assay using GSK3z-GST. as substrate (as
described in the Jepend to Figurc 2). Phosphorylated GSK3a was
jdentificd by immunoblotling. Samples (80 xg) of the whole cell
extracts were analysed for f-actin, as control

is degraded via the proteasome (Tam ez al, 1997)
(Figure 7b), Turnover of p27 protein was completely
ablated by the addition of MG132. Similarly, addition
of MG132 blocked turnover of the c-Myc protein (data
not shown), which is also mediated by the proteasome
(Gregory and Hann, 2000). Thus, basal turnover of
IkB-« largely does not appear to be mediated by the
proteasome in NF639 cclls.

To further asscss the potential role of the protea-
some, NF639 were transfected with a Ser32/36 to Ala
double mutant version of human IxB-x (A32/36). This
protein cannot be phosphorylated and subsequently
degraded by the proteasome pathway. Decay of the
A32/36 double mutant protcin was followed using a
human-specific IkB-« antibody (Figure 7c). The ratc of
decay was quite similar to that of the endogenous IkB-
x seen above, suggesting again that decay is mediated
via a non-protcasome pathway.

We next asscssed the role of the IKK kinase complex
in basal NF-xB cxpression. NF639 were transiently
transfected with the vector expressing AktAK to inhibit
Akt or with the parcntal vector, and analysed for
cffccts on IKKax and TKKf activity. Alternatively cells
were transfccted with vectors expressing AktM or wild-
type Akt. Extracts were prepared, and samples (200 ug)
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Figure 7 Inhibition of calpain blocks IxBa degradation in
NF639 cells, NF639 cclls were incubated cither with DMSO
alone, or with 40 yug/ml MG132, E64-D, or calpeptin for 30 min,
Following addition of 50 pg/ml cycloheximide (CHX), WCEs
were prepared at the times indicated, and samples (40 up)
subjected to immunoblotl analysis for either LBz (C-21) (a) or
p275®1 (M197) (b). () NF639 cells were transfected with 2 pg
PRCguin double mutant human IxBez (A32/36) vector. After
36 h, coltures were incubated with 40 zg/ml MG132 for 30 min.
Following addition of 50 ug/ml cycloheximide extracts were
prepared at the times indicated and subjected to immunoblot
analysis using an antibody specific for human IxB-a (C-15). The
position of the human IxB-z is ax indicated (hIxB-a). A minor
slower migrating non-specific band is also seen

immunoprecipitated with antibodics against either IKK«
or IKKf. The resulting immunoprecipitated proteins
were uscd in a kinase assay with IkB-o-GST as
substrate, Expression of AktAK, which dramatically
decreased NF-kB levels above, causcd no significant
reduction in activity of either IKK« or IKKf (Figure
8a). In fact, a minor increase of 1.2+0.1-fold was seen
in this and a duplicate experiment. Thus, iphibition of
Akt does not alter IKK kinase activity in the NF639
cells. Expression of the AktM, which caused a slight
increase in NF-«B levels above (Figurc 5), resulted in a
slight increase in IKK actvity (Figure 8a). No
difference in TKK activity was noted in the NF639
cells transfected with parental Akt expression vector.
Esscntially cqual amounts of IKK proteins were
present in the extracts as verified by immunoblotting
(Figure 8b). Thus, activation of the IKKa and IKK}j
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NF639

Figure 8 1KK kinase complex is imactive in MMTV-Her-2/neu
NF639 cells. (a) Tortal protcins were isolated from NF639 cells,
and samples (200 ug) immunoprecipitated with untibodies against
cither IKKa or IKKf, as indicated. Two-thirds of the
preparalions were subjected to a Kinasc assay using 1 pg IxB-a-
GST protein, as substratc. (b) The remainders of the preparations
were immunoblotted for either IKKa or IKKS tlo verily
immunoprecipitation

components of the IKK kinase complex does not
appear able to account for the constitutive basal NF-
xB binding scen in the MMTV-Her-2/neu NF639 ccll
line, consistcnt with the failure of the protcisome
inhibitor 1o substantially affect IxB-a turnover.

Recent work has demonstrated a role for calpain in
1xB-o turnover in B cells, which constitutively express
NF-xB (Fields et al, 2000; Miyamoto er al, 1998).
Thus, we next investigated the involvement of calpain
in IxB-¢ degradation in the NF639 line using the
inhibitors calpeptin and E-64D. While both inhibitors
are specific for calpain, the E-64D does not enter cells
as well and has been found to bc less cffective than
calpeptin (Fields er al., 2000; Miyamoto et al., 1998).
NF639 cells were incubated in the presence of 40 pg/ml
calpeptin or E-64D, or carrier DMSO as control.
Calpeptin essentially completcly prevented the decay of
IxB-« (Figurc 7a). Trcatment with E-64D also ablated
the rate of IxkB-z decay, but was somewhat less
effective, consistent with the findings of others. Thus,
inhibition of calpain ablates IxB-x turnover, indicating
the activation of NF-kB that occurs as a result of
overexpression of Her-2/neu is mediated, at least in
part, by calpain.

Discussion

In this study we show that overexpression of Her-2/neu
leads to constitutive induction of NF-kB mediated
through a PI3-kinase/Akt kinasc pathway that signaled
degradation of IkB-x via calpain. The activation of
NF-kB could be inhibited by thc phosphatase PTEN.
Constitutive nuclear NF-xB was observed in Ba/F3
cells overexpressing Her-2/neu+ EGFR4, as well as in




cell lines derived from MMTV-Her-2/ncu mouse
mammary gland tumors and in primary tumor speci-
mens. Inhibition of PI3-kinase by either wortmannin
treatment or by ectopic expression of a kinase inactive
variant reduccd NF-xB levels. Consistent with these
findings, negative or positive modulation of Akt kinasc
activity either tepressed or induced NF-xB activity,
respectively. Previously, our laboratory demonstrated
aberrant NF-«B/Rel activation typifies primary human
breast cancers (Sovak et al., 1997). Here we begin to
provide a mechanism for the aberrant expression of
these factors in cancers with overexpression of Her-2/
neu. Furthermore, our findings implicate the calcium
sensitive cysteine protease calpain family in breast
cancer progression through the constitutive activation
of NF-xB.

Overexpression of Her-2/neu in breast cancer
correlates with a poor prognosis duc lo cnhanced
metastatic potential and resistance to chemotherapy
(Hortobagyi er al., 1999; Slamon ez al., 1987; Yueral,
1998). The transmembrane receptor encoded by the
Her-2/ncu oncogene has intrinsic kinase activity even
in the absence of ligand that activates recoptor-
mediated signal transduction. Consistent with these
observations, here we detected intrinsic tyrosine
activation of Her-2/ncu in Ba/F3 overexpressing Her-
2/neu+ EGFR4, as well as in NF639 cells (data not
shown). Recently overexpression of Her-2/ncu in
immortalized HMECs has been found to result in
growth factor independence, acquisition of anchorage-
independent growth capacity and ability to induce
invasion in a manner similar to breast cancer cells
(Ignatoski er al., 2000). NF-kB has been implicated in
the regulation of a wide spectrum of genes, including
those that mediate transformation (e.g., c-myc) (La
Rosa et al,, 1994; Kessler er al., 1992; Duyao et al.,
1992; Kim er al., 2000) and mctastasis (¢.g., metallo-
proteinascs) (reviewed in Grimm and Baeuerle, 1993).
Thus, it is likely that aberrant NF-xB activity plays an
important role in the transformed phenotype displayed
in cells with overexpression of Her-2/neu.

Overall our work has implicated NF-xB in the
neoplastic development of mammary and liver epithe-
lial tumors (Sovak er al., 1997; Arsura et al., 2000). We
first reported aberrant elevated levels of NF-xB
binding in over 85% of mammary tumors in the
Spraguc-Dawley rat after exposure to 7,12-dimethyl-
benz(e)anthracene (DMBA) (Sovak er al., 1997). More
recently NF-kB activation was observed within 3 weeks
of DMBA trcatment when tumors had not yet
developed, suggesting that it is an carly event in tumor
formation (Kim et al., 2000). Furthermore, we showed
that in Ras- and Raf-transformed rat liver cells, NF-xB
levels are enhanced, promoting cell survival, trans-
formed phenotype, and resistance to TGF-1 treatment
(Arsura er al., 2000). The induction of NF-kB by Ras
was mediated by two pathways involving both Raf and
PI3-kinasc Icading to the activation of the JKK
complex (Arsura er al., 2000). Importantly, many other
tumors have recently been shown to display constitu-
tive activation of NF-kB (rcvicwed in Rayet and
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Gelinas, 1999), including the human cutaneous T-ccll
lymphoma HuT-78 (Gini and Aggarwal, 1998), Hodg-
kin’s lymphomas (Bargou et al., 1997), melanoma
(Shattuck er al, 1994) pancreatic adenocarcinoma
(Wang er al, 1999), primary adult T-cell leukemia
(Mori et al., 1999), and hcad and neck squamous cell
carcinoma (Duffey ez al., 1999). Furthermore, the Tax
transforming protein produced by the human T-cell
leukemia virus type 1 induces NF-kB activity (Mercur-
io er al., 1997; Sun ez al., 1994) through activation of
both IKK1 and IKK2 (Gelcziunas et al, 1998;
Sumitomo er al., 1999b), Moreover, NF-xB induction
has been found to inhibit TNF-z-induced cell death of
breast, prostate, and bladder cancer cells (Geleziunas et
al., 1998; Sumitomo ez al., 1999a) (reviewed in Rayet
and Gelinas, 1999). Interestingly, TNF-a activation of
NF-xB in primary patient samples overexpressing Her-
2/neu was reported to occur via a PI3-kinase/Akt/IKK
pathway recently by Zhou et al. (2000). Here, we have
shown that cnhanced basal levels of NF-«xB are
displayed by specimens of Her-2/neu induced primary
mouse breast tumors compared to normal mammary
gland, as well as in a ccll line derived from one of thesc
tumors. No effect of inhibition of Akt on IKK kinasc
activity nor substantial involvement of the protcasome
in tumover of IxB-a could be detected in the NF639
cell line. Thus, the conmstitutive activation of NF-«xB
upon overexpression of Her-2/neu in this mousc
mammary tumor cell line appears to be mediated via
a non-IKK/proteasome pathway that involves calpain,
similar to findings with mature early B cells (Ficlds ef
al., 2000). The IKK activity seen in the tumor cells by
Zhou et al, (2000) may have resulted from the in vitro
exposure to TNF-z. Alternatively, the differences may
relate to involvement of different cell types in the two
studies. Work is in progress to evaluate the sites ol
phosphorylation and the role of the PEST domain of
1xB-a in its turnover in these cells.

The PTEN lipid phosphatasc, which has been shown
to modulate PI3-kinasc activity and PIP-3 levels, is lost
in a variety of tumors (Li et al., 1997; Di Cristofano et
al., 1998; Whang et al., 1998). In quiescent untrans-
formed cells, PIP-3 levels are very low, and rapidly
incrcase upon stimulation by growth factors, through
activation of PI3-kinase. Accumulation of PIP-3 allows
the recruitment and activation of Akt via phosphoryla-
tion. Overexpression of PTEN in glioma and breast
cancer has been reported to result in the inactivation of
Akt and the induction of anoikis, a specific apoptotic
pathway initiated by cell detachiment from the
extraccllular matrix (Lu et @/, 1999). Furthermore,
PI3-kinase and Akt regulation of NF-xB has been
implicated in survival of cells transformed by Ras
(Madrid er al., 2000). In our study, ectopic expression
of PTEN in the NF639 cells reduced the activity of Akt
and the levels of NF-xB binding. Based on our
previous work (Sovak er al., 1997; Wu et al., 1996),
this drop in NF-xB likely plays a critical role in
induction of apoptosis.

Anti-Her-2/neu antibodics have been shown to be
potent growth inhibitors, The human monoclonal
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antibody (Herceptin) is currently in usc in adjuvant
therapy for women with overexpression of Her-2/neu.
The systemic administration of the antibodies in
combination of cytotoxic chemotherapy in these
paticnts has been shown to incrcase the length of time
of recurrence and the sensitivity to chemotherapy
(Ross and Fletcher, 1998), We have then shown that
treatment of NF639 cells with anti-neu antibodies
decreased NF-xB binding levels, through the inhibition
of Akt sctivation. Thus, it is tempting to speculate that
repression of NF-xB is one of the significant targets of
these antibodies, and thus agents that inhibit NF-xB
may provide additional adjuvant therapy reagents in
the treatment of breast disease.

Materials and methods

Cell growth and treatment conditions

MCF-10F human mammary cpithelial cells (HMECs) were
cstablished from a patient with fibrocystic disease and do not
display characteristics of a malignant phenotype. They
represcnt a non-tumorigenic, immortally transformed cell
line (Calaf and Russo, 1993). and were cultured as we have
published previously (Sovak et al., 1999). The MMTV-c-neu
transgenc cell line NF639, derived from mammary gland
turnors (kindly provided by P Leder, Harvard Medical
School, Boston, MA, USA), was cultured as described
previously (Elson and Leder, 1995). Ba/F3 cells transfected
to express EGFR-1 (Ba/F3-1), Her-2/ncu or EGFR-2 (Ba/F3-
2), EGFR-1 and Her-2/ncu (Ba/F3-1+2), and Her-2/neu and
EGFR-4 (Ba/F3-2+4) were kindly provided by David Stern
(Yale University, New Haven, CN, USA) (Riese er al., 1996).
The parental cells and isolated clones were grown in RPMI
supplemented with 10% fetal bovine serum, conditioned
medium from WEHI 3 cells, and antibiotics, as described
previously (Ricse er al., 1996). Where indicated cells were
treated with the PI3-kinase inhibilor 100 nM worimannin
(Sigma Chemical Co., St Louis, MO, USA) in DMSO or
DMSO alone as control, or with 1 ug anti-neu antibody (Ab-
4, Calbiochem, San Dicgo, CA, USA). Alternatively, the
proteasome inhibitor MG132, or calpain inhibitor calpeptin
(Calbiochem), or E-64D (Peptide International) dissolved in
DMSO. or a similar dilution of DMSO as control, was
added. For half-life studies, 50 pg/ml cycloheximide was
added, and whole cellular extracts prepared and subjected to
immunoblot analysis, as described below,

Electrophoretic mobility shift analysis

Nuclear extracts were prepared from breast cancer cclls by a
modification of the method of Dignam et al. (1983). Briefly,
cells were washed twice with ice cold PBS (Ca®* and Mg?*
frec) containing proteasc inhibitors (0.5 mM dithiothrcitol
(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and
10 ug/ml lcupcptin (LP)). Thcy were then resuspended in
1 ml of cold hypotonic RSB buffer (10 mm NaCl, 3 mm
MgCl,, 10 mM Tris pH 7.4) containing 0.5% NP-40
detergent plus protease inhibitors as above. Following a
10 min incubation on ice, the cells were Douace homogenized
until ccll lysis occurred. Nuclei were resuspended in two
packed nuclear volumnes of extraction buffer C (420 mM KCl,
20 mM HEPES pH 7.9, 1.5 mM MgCl,, 0.2 mM EDTA, 20%
glycerol) plus proteasc inhibitors as above, and incubated on
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ice for 30 min. Prowin concentration was determined using
the Bio-Rad protein assay, following the manufacturer’s
directions (Bio-Rad Laboratories, Hercules, CA, USA). The
sequence of the URE NF-«B-containing oligonucleotide from
the c-myc gene (Duyao ef al, 1990) is as follows: 5-
GATCCAAGTCCGQOGTTITCCCCAACC-¥, where the
underlined region indicates the core binding element. The
mutant URE has a two G to C basc pair convcrsion,
indicated in bold, which blocks NF-xB/Rel binding: S-
GATCCAAGTCCGCCTTTTCCCCAACC-3'. The Octomer-
1 (Oct-1) oligonucleotide has the following sequence: §'-
TGTCGAATGCAAATCACTAGAA-3. The sequence of the
Spl oligonucleotide is S-ATTCGATCGGGGCGGGGC-
GACC-3. The sequences of the PU.1- and TCF-]-containing
oligonucleotides  are  as follows, PUNS-GATC-
TACTTCTGCTTTTG-3'; TCF-1:5-GGGAGACTGAGAA-
CAAAGCGCTCTCACAC-3" (van de Wetenng ef al., 1991).
Oligonucleotides were end labeled with large Klenow
fragment of DNA polymerase and ["2PJdNTPs. The electro-
phorctic mobility shift assay (EMSA) was performed using
approximately 4 ng of labeled oligonucleotide
(40 000 d.p.m.), 5 pg of nuclcar cxtract, 5 ul of sample buffer
(10 mM HEPES pH 7.5, 4 mM DTT, 0.5% Triton X-100, and
2.5% glycerol), 2.5 ug poly dI-dC as nomspecific competitor
and adjusted to 100 mM with KCl in a final volume of 25 ul.
This mixture was incubated at room temperature for 30 min.
Complexes were resolved in a 4.5% polyacrylamide gel using
1 x TBE running buffer (30 mM Tris, 90 mM boric acid, 2 mM
EDTA pH 8.0). For antibody supershift analysis, the binding
reaction was performed in the absence of the probe, the
appropriate antibody was added and the mixture incubated
for 16 h at 4°C. The probe was theén added and the reaction
incubated an additional 30 min at 25°C and the complexes
resolved by gel clectrophoresis, as above, Antibodics used
include: anti-RelA subunit: sc-372X, anti-pS0 subunit: sc-114,
anti-pS2 subunit: s¢c-7386, and anti-c-Rel subunit: se-71 (all
from Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA).
For the IkB-x blocking assays, 1 pg of IxB-z-glurathione-S-
transferasc (GST) fusion protcin was added to the binding
reaction, as described for the antibody supershift analysis.

Transfection analysis

Twenty-four hours after plating at 30% confluence in P100
dishes, NF§39 cells were incubated with 8 ug DNA in 10 gl
FuGENE Reagent, according to manufacturer’s instructions
(Roche Molecular Biochemicals, Indianapolis, IN, USA).
After 24 or 48 h, cells were harvested, nuclear fraction
isolated and subject to EMSA analysis ds described above,
The SR-2ApRS (dead kinase) Pl3-kinase construct has bcen
described  clsewhere (Kotani er al, 1994). AKT, AKTAK
(dead kinase), and AktM (myristylated membrane kinase)
were cloned in a cytomegalovirus (CMV) promoter-driven
expression vector and were kindly provided by Z Luo
(Boston Medical School, Boston, MA, USA). The PTEN
plasmid was cloned in pCMVS, and was kindly provided by
JE Dixon (University of Michigan, Ann Arbor, MI, USA).
Wild-type (E8) and mutant (mutE8) NF-xB element-
thymidine kinase (TK) promoter-chloramphenicol acetyl-
transferasc  (CAT) reporter veclors were construcied us
reported previously (Duyao er al, 1990). Briefly, thesc
consisted of two copics of cither the wild-type or mutant
NF-xB element from upstream of the c-myc promoter,
sequences given above. Twenty-four hours after plating at
30% conflucnce in P35 dishes, NF639 cells were transfected,
in triplicate, with 4 zg DNA in 4 zt FuGENE Reagent. After
24 h, cells were harvested and cqual amounts of protein




subjected to CAT assays, as we have described previously
(Sovak et al., 1997). Altcrnatively, cells were co-transfected
with an NF-kB-element driven luciferase construct (Rawadi
et al., 1999), kindly provided by Georges Rawadi (Hocscht-
Marion-Roussel, Romainville, France) in the presence of
parental or Akt expression vectors and luciférase activity
measured as dcscribed previously (Dolwick er al.,, 1993).

Standard deviation was obtained using the Student’s e-test.

The pRCpycuin containing double mutant buman IxB-« (A32/
36) was kindly provided by Michael Karin (University of
California. San Diego, CA, USA).

Immunoblor analysis

Ba/F3 cells were rinsed with cold PBS, and harvested in lysis
buffer (SO mM Tris-HCl pH 80, 5mM EDTA pH 8.0,
150 mM NaCl, 0.5mM DTT, 2 ug/ml aprotinin, 2 pg/ml
LP, 0.5 mM PMSF, 0.5% NP40). Whole cell extracts (WCES)
were obtained by sonication, followed by centrifugation at
14 000 r.p.m. for 30 min. WCEs, in the amount indicated in
each experiment, were subjected to electrophoresis in a 10%
polyacrylamide-SDS gel, transferred to PVDF membrane
(Milliporc, Bedford, MA, USA) and immunoblotting, as
previously described (Arsura er al,, 1997). Antibodies used
were: C-21, mousc IxB-z; C-15, human-specific IxB-o; M197,
p27Kipt (all from Santa Cruz Biotechnology).

Akt kinase assay

The Akt kinase assay, was performed following the directions
of Akt Kinasc Assay Kit (#9840, New England Biolabs,
Beverly, MA, USA). Briefly samples (80 pug) of WCEs were
immunoprecipitated with an agurosc conjugated anti-Akt
antibody (#9279, New England Biolabs) at 4°C overnight.
The immunoprecipitate was rcsuspended in Kinase bufler and
the assay performed at 30°C for 45 min, using 1 ug of
GSK3z-GST fusion protein as substratc in the presence of
10 uM ATP. The resulting products were resolved in a 10%
polyacrylamide-SDS gel and subjected to immunoblotting, as
above, using phosphospecific (GSK-3« antibody (#9331, New
England Biolabs).

Isolation of MMTV-c-neu mammary gland wmor and normal
mammary gland proteins

MMTV-neu tumeors and histologically normal mammary
gland tissue surrounding the tumor (Muller ¢ al., 1996)
were frozen in liquid nitrogen, and powdered using mortar
and pestle. For isolation of nucleur prot¢ins, the powders
(1 gm tissue/ml) were resuspended in homogenization buffer
(10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mMm
EGTA, 50 mM sucrose, 1 mMm DTT, 0.5 mM PMSF, $ ug/ml
LP, 5 ug/m!l aprotinin), and homogenized with a Dounce.
The concentration of KCl was then adjusted te 100 mM and
the samples were centrifuged at 4000 r.p.m. for 15 min at
4°C. The pellets were then resuspended in 100 1 extraction
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Epidemiological evidence suggests tea (Camellia sinesis L.) has chemopreventive effects against
various tumors. Green tea contains many polyphenols, including epigallocatechin-3 gallate
(EGCQG), which possess anti-oxidant qualities. Reduction of chemically induced mammary gland
carcinogenesis by green tea in a carcinogen-induced rat model has been suggested previously, but
the results reported were not statistically significant. Here we have tested the effects of green tea on
mammary tumorigenesis using the 7,12-dimethylben2(a)anthraceﬁe (DMBA) Sprague-Dawley (S-
D) rat model. We report that green tea significantly increased mean latency to first tumor and
reduced tumor burden and number of invasivé tumors per tumor bearing animal; although, it did not
affect tumor number in the female rats. Furthermore, we show that proliferation and/or viability of
cultured Hs578T and MDA-MB-231 estrogen receptor negative breast cancer cell lines was reduced
by EGCG treatment. Similar negative effects on proliferation were observed with the DMBA-
transformed D3-1 cell line. Growth inhibition of Hs578T cells correlated with induction of p275"!
cyclin-dependent kinase inhibitor expression. Hs578T cells expressing elevated levels of p27%P!
protein due to stable ectopic expression displayed increased G1 arrest. Thus, green tea had
significant chemopreventive effects on carcinogen-induced mammary tumorigenesis in female S-D |
rats. In culture, inhibition of human breast cancer cell proliferation by EGCG was mediated in part
via induction of the p275®! cyclin—dependént kinase inhibitor.

Keywords: Green tea, breast cancer, EGCG, DMBA, p27Kipl




The incidence of breast cancer, the second leading cause of death from cancer among women in the
United States, has been increasing since the 1980’s. Interestingly, breast cancer mortality rates are
race-dependent. In 1999, the mortality rate of breast cancer per 100,000 Caucasians was 26.0, of
African-Americans 31.5 and of Asian-Americans 11.6. Studies show that migration of young Asian
women to the United States dramatically increases their risk of bbreast cancer and mortality from
breast cancer [Haenszel, et al. 1968; Kelsey and Gannon, 1990; Ziegler, et al. 1993]. In an effort to
explain this phenomenon, epidemiologists have put forth various hypotheses, including differences
in diet and environmental exposure to carcinogens [Haengzel, et al. 1968; Kelsey and Gannon,
1990; Ziegler, et al. 1993]. Dietary comparisons of the Asian diet and the typical Western diet
show, among many differences, that the Asian population consume more green tea.

- Tea (Carﬁellia sinesis L.) is prepared as green, black or oolong tea. Green tea, which is
made by steaming or drying fresh tea leaves at elevated temperatures, retains its chemical
corﬁposition of polyphenols, which include flavanols, flavandiols, flavonoids and phenolic acids.
Polyphenols make up approximately 40% of the dry weight of green tea leaves. The green tea
polyphenols (GTP)’, which include epicatechin, epicatechingallate, epigallocatechin and
epigallocatechin;3 gallate (EGCG), possess anti-oxidant qualities. Statistics indicate that the
incidence of breaét cancer in regions where green tea is consumed in large quantities, including
China and Japan, is much lower than in Westem societies. Epidemiologic studies have indicated that
green tea reduces the risk of many other cancers, including stom‘ach, lung, colqn, rectum, liver, and
pancreas [Mukhtar et al. 1994a; Goldbohm et al. 1996; National Cancer Institute 1996; Yang et al.
1996; Zheng et al. 1996; Ji et al. 1997]. Concentrated, puﬁﬁed polyphenol extracts of green tea
have been shown in laboratory animals to have anticarcinogenic activity against a tumors of the
duodenum [Fujita et al., 1989], esophagus [Wang et al., 1994; Stoner and Mukhtar, 1995], lung

[Taniguchi et al., 1992; Wang et al., 1992a] and skin [Wang et al., 1992b; Katiyar et al., 2000;
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Wang et al., 1989]. Reduction of chemically induced mammary gland carcinogenesis by green tea
has been suggested by Hirose et al. [1997] and Tanaka et al. [1997], but the results reported were
ﬁot statistically significant. In those studies, green tea was administered in the feed rather than the
drinking fluid. In a series of three bioassays, a significant inhibitory effect of black tea on mammary
tumorigenesis was found in rats fed a high fat diet [Rogers et_ al., 1998]. The toxicity of tea extracts
is low, and they are potentially important cancer chemopreventive agents. Several possible
mechanisms for thé protective effect of green tea on carcinogenesis have been proposed: (1)
modulation of carcinogen-metabolizing enzymes, (2) trapping of ultimate carcinogens, (3)
inhibitory action against nitrosation reactions, (4) inhibition of cell proliferation-related activities
[rev. in Stoner and Mukhtar, 1995]. Here we have examined the effects of green tea extracts on
breast cancer using the Sprague-Dawley (S-D) rat carcinogen model and breast cancer cells in
culture. In the rat model, approximately 90% of female S-D rats given a single intragastric 15-25
mg/kg dose of 7,12-dimethylbenz(a)anthr.acene (DMBA) develop mammary tumors within 7-20
weeks [Rogers and Conner, 1990]. We find that green tea extracts given in drinking water reduce
the mammary tumor burden. Second, treatment of cultured human breast cancer cells with GTPs or
EGCG inhibits their growth, correlating with increased expression of the cyclin-dependent kinase
inhibitor p275?', At higher doses, cell death was observed.

MATERIALS AND METHODS

Rat Studies

Virgin female S-D rats were treated according to a protocol approved by the Boston !
University Institutional Animal Care and Use Committee. Forty S-D, 4-week-old female weanling
rats (weighing approximately 40-50g), were purchased from Charles River Laboratories

(Wilmington, MA). They wére immediately weighed and housed individually in an




environmentally controlled animal facility at the Boston University Laboratory Animal Science
Center. Rats were randomized into four groups of approximately equal average body weight, and
fed the AIN-76A purified diet. Body weights were recorded weekly. The composition of the
treatment groups was as follows:

Fluid Source

Group No. of Rats DMBA Water Green Tea

CGl 5 0 + 0
TGl 5 o - 0 +
CG2 15 + + 0
TG2 15 - o+

‘Green tea powder (kiﬁdly supplied by Lipton Tea Co., Inc., Englewood Cliffs, NJ) was
reconstituted in deionized water to a concentration of 0.3%. (The certificate of analysis of the greeﬁ
tea powder indicated that the catechin composition, which had been assessed by HPLC, was as
foilows: 11.79% EGCG, 7.87% (-)-epigallocatechin, 5.76% (-)-epicatechin gallate, 4.21% (-)-
epicatechin, 1.39% (+)-gallocateéhin, 1.33% (+)-catechiﬁ, 0.39% (+)-gallocatechin gallate.) Rats in
the control groups (CG1 and CG2) were given deionized wafer to drink, and rats in the TG1 and
TG2 groﬁps were given 0.3% green tea as their sole fluid source beginning two days after entry into
the facility. Rats were given 15mg/kg DMBA in 0.2mL sesame oil or 0.»2mL sesame oil alone by
gastric gavage at 8 weeks of age and palpated for tumors weekly starting 4 weeks later. Rats were
euthanized by CO, inhalation and necropsied w};en they bore a tumor that was >3cm or ulcerated or
at termination of the experiment at 17 weeks post-DMBA administration. All tumors, grossly
normal mammary glands and uteri were excised. Sections of tumors and grossly normal glands

were fixed in ice-cold 4% paraformaldehyde (4°C) for histology and immunohiétochemistfy. The




remaining tissue was frozen on dry ice for molecular/biochemical studies. Frozen tissues were
stored at —80°C.
Analysis of Tumor Endpoints

Chi-square analysis was used to compare the tumor incidences between treatment groups.
One-way analysis of variance was used to compare the tumorigenesis endpoints (tumor number,
tumor weight, tumor burden, tumor latency) between treatmenf groups. The post hoc tests usAed
were Scheffe’s and Tukey’s; these were performed using SAS 6.12 and SPSS 7.0. A p-value <0.05
was considered statistically significant. -

Cell Growth and Treatment Conditions

The estrogen receptor (ER) negative Hs578T human breast cancer cell line was derived from

a mammary carcinosarcoma and is epithelial in origi;l [Hackett et al., 1997]. Hs578T cells were
propagated in DMEM with 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 4.5 g/L

glucose, 10 ug/ml of insulin (Sigma), and 100 ug/ml streptomycin (Gibco), and 100 U/ml penicillin
(Gibco). The ER negative MDA-MB-231 human éancer cell line was derived from a patient with
poorly differentiated adenocarcinoma of the breast. The cells were grown in DMEM essentially as
above except with ‘addition of 0.29 mg/L L-glutamine. The D3-1 line was derived by DMBA-
mediated transformation of ER negative MCF-10F human mammary epithelial cells, which were
established from a patient with fibrocystic disease and do not displéy éharacteristics of a malignant
phenotype [Soule et al., 1993]. D3-1 cells were cultured as pﬁblishéd previously [Calaf and Russo,
1993]. GTPs and EGCG were purchased from LKT Laboratories Inc., St Paul, Minnesota. GTP
was dissolved in ddH,O. EGCG was dissolved in sterile 50% DMSO at a concentration of 100
~mg/ml, and dilutéd with ddH,O to a 1 mg/ml working strength solution. Cells were incubated with
EGCG for 24, 48 or 72 h as indicated or the volufne of diluted DMSO equivalent to the highest dose

employed.




For the non—radioactive cell proliferation assay (Promega), cells were seeded at the indicated
confluence in 96 well tissue culture dishes. Green tea polyphenols or EGCG was added at the
indicated concentration and cultures ihcubated, in triplicate, for 4-6 h in the presence of (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium inner salt
(MTS) solution (333 ug/ml) and 25 uM phenazine methosulfate according to the manufacturer’s
directions (Promega, Madison, WI). The A490 was measured using an ELISA plate reader. For
assessment of apoptosis, the TUNEL assay was performed using the ApopTag peroxidase kit from
Intergen Company according to the manufacturer’s difections. Statistical analysis was performed
between the control and treated cultures at the latest thﬁe points analyzed in each experiment using
the Student's t teét. A p-value <0.05 was considered statistically significant.

Immunoblot analysis

Cells were scraped in PBS and lysed in RiPA buffer (10 mM Tris HC1 pH 7.5, 150 mM NaCl,
1% NP40, 0.1% SDS and 1% sodium sarcosyl, 0.2 mM PMSF, 10 pg/ml leupeptin, 1mM
dithiothreitol). Following incubation on ice for 5 minutes, the DNA was sheared either by
sonication for 5-10 seconds or by passing the lysate 20 times through a 23g and then a 25g needle.
The debris was removed by centrifugation at 13,000 rpm for 30 minutes at 4°C and the total cellular
proteins, contained in the supernatant, collected. Protein concentrations were determined using the
| Bio-Rad Dc protein assay. For immunoblot analysis, proteins were resolved on a 10%
polyacrylamide-SDS gel and subjected to immunoblotting as we have described previously [Sovak
et al., 1997]. The antibody against the cyclin-dependent kinase (CDK) inhibitor (CKT) p27°*'
(13231A) was purchased from Pharmingen (San Diego CA). Densitometry was performed and

values presented normalized to the B-actin loading control.




Isolation of Hs578T Stable Transfectants

The LacSwitch inducible system consists of a p3;SS eukaryotic Lac-repressor-expressing
vector carrying the lac I gene, and a eukaryotic lac-operator-containing p27"! vector driven by the
RSV-LTR promoter, termed pOPRSVI-p27, prepared as described previously [Wu et al., 1999].
HsS578T cells were transfected sequentially, essentially as described previously [Sovak et al., 1997].
Briefly, the p3’SS vector was introduced by the calcium phosphate, and transfectants selected with
50 pg/ml of Hygromycin B. A mixed population of these cells (Hs578T-lacR) was obtained and
expression of the Lac I repressor protein confirmed (datg not shown). These cells were subjected to
a second round of transfection with either 20 ug of pPOPRSVI-sense-p27 vector (carrying the neo
resistance gene), or 2.5 ug of pSV2neo vector DNA. Double transfected cells were selected with |
both hygromycin and 1200 pg/ml G418. Mixed population of cells (Hs578T-p27S and Hs578T-
neo) were isolated initially. Three single cgll clones were isolated by the method of limiting
dilution. For induction, cells were treated with the indicated dose of isopropyl-beta-D-
thiogalactopyranoside (IPTG). The Lac I repressor protein antibody was obtained from Stratagene
(#217449).

FACS analysis

Cells were washed in cold PBS, trypsinized and collected by centrifugation. Cells were
resuspended in 0.5 m1 hypotonic fluorochrome solution containing 5.0 ug/ml propidiufn iodide (P.I,,
Sigma), 1% sodium citrate, and 0.1 % Triton.X-IOO (Sigma), and analyzed in a Becton-bickson

FACScan flow cytometer, as we have described pfeviously [Wu et al., 1997].




RESULTS
Effect of Green Tea on Mammary Tumorigenesis

In S-D rats, a single intragastric dose of DMBA induces mammary tumors in approximately
90% of animals within 7-20 weeks [Rogers and Conner, 1990]. To test the ability of green tea to
reduce or ablate mammary tumor formation, animals were treated with 15mg/kg DMBA, and given
0.3% green tea or water as their sole fluid source. The effects of green tea on cumulative probability
of bearing a palpable mammary tumor, tumor number, burden, and latency were all assessed. No
effect of tea oﬁ body weight gain was ol‘)'servcd (data not shown). What appeared to be a slight
initial reduction in probabilify of palpable tumors in the green tea-fed rats compared to the water-
fed rats failed to reach statistical significance (Fig. 1). In tumor-bearing rats, thé mean latency to
first tumor was significantly longer in the green tea-fed group (84 days) than in the water-fed group
(66 days) (p=0.001) (Table 1). Importantly, there was a statistically significant decrease in mean
tumor burden per tumor beaﬁng animal (TBA) in the green tea-fed rats (2.5 +/-4.5 gm) compared to
the water-fed rats (8.3 +/-6.9 gm) (p=0.03) (Table 1). The water-féd rats flad 3.0 tumors per TBA,
and the green tea-fed rats had 1.9; this apparent decrease was not significant (Table 1). Of all
tumors detected, 89% (42/47) were malignant. They were generally well-differentiated papillary
adenocarcinomas; no association of histopathologic subtypes, such as comedo carcinoma, with
treatment was discerned. There was no significant difference in malignant tumors per TBA with
green tea corisumption (1.7 +/- 1.5) compared to water-fed controls (2.8 +/- 1.7). A significant
reduction was observed in the mean number of invasive malignant tumors per TBA with green tea
consumption (0.2 +/- 0.4) compared to water-fed rats (1.5 +/- 1.8) (p=0.02) ‘(Table 2). Green tea
had no significant effect on the number of noninvasive tumors per TBA (Table 2). In summary,
green tea significantly increased mean latency to first tumor and reduced tumor burden and number

of invasive tumors per tumor bearing animal.




Green Tea Polyphenols Decrease Growth of Hs578T Breast Cancer Cells

In the clinic, ER negative tumors are not responsive to anti-estrogenic treatments such as
tamoxifen, and generally indicate a poorer prognosis. Therefore we sought to determine whether
treatment with green tea extracts decreases the growth of ER negative breast cancer cells, and first
selected the Hs578T cell line. Hs578T cells were treated with concentrations of GTPs ranging from
0-160 pg/ml. Cell growth was assessed every 24 h. fora72h period by céll numbers using an MTS
assay (Fig 2A). Incubation in the presence of 40 pg/ml GTPs had no detectable cffect on Hs578T
cell growth (p=0.95),‘whereas, 80 pg/ml GTP slowed the growth of these breast cancer cells
(p<0.05). No growth, i.e., no incfease in cell numbers, was seen with a higher dose of 160 pg/ml
GTP (p<0.01). Similar effects of GTPs were obtained by cell counting using a hemocytometer (data
not shown). Thus, treatment with GTPs inhibits growth of Hs578T cells in a dose-dependent
fashioﬁ.

We next assessed the effects of EGCG, one of the more potent anti-carcinogenic components

of GTPs, on growth of Hs578T cglls (Fig. 2B); EGCG slowed the growth of the Hs578T cellsin a

dose-dependent fashion (p<0.01 at all doses tested). A slower growth was seen at a EGCG
concentration of 40 ug/ml, while no increase in cell numbers was seen at 80 pg/ml EGCG. At 160
ng/ml EGCG, a decline in cell numbers was observed (Fig. 2B). Thus, both GTP and EGCG slow -
proliferation of Hs578T breast cancer cells. A lower concer;ﬁation of EGCG (80 pg/ml) than GTP
mixture (160 pg/ml) was effective in preventing an increase in cell numbers over time.

The drop in Hs578T cell numbers with the highest dose of EGCG suggested cell death was
occurring. To monitor for cell deéth, trypan blue exclusion analysis was performed (Fig. 3). 'To
ensure that floating, dead cells were not lost during the preparation, cells on the dish and in the

media were combined and trypan blue positive and negative cells counted. At 80 pg/ml EGCG, a
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_low percentage of the Hs578T cells stained trypan blue positive at 24 and 48 h (between 7-8%),
indicating that the cells were largely viable. A substantial increase in the number of dead cells was
seen with 160 pg/ml EGCG (~45% trypan blue positive célls) (Fig. 3). A TUNEL assay indicated
apoptosis was occurring at doses of 80 and 160 pg/ml EGCG (data not shown). Taken together, these
findings indicate that growth of Hs578T cells begins to slow at 40 pg/ml EGCG, while higher doses
of 80-160 pg/ml EGCG inhibit growth and/or cause apoptosis of Hs578T breast cancer cells.

EGCG Slows Growtﬁ of Multiple ER Negative Breast Cancer Cell Lines

To determine whether the growth inhibitory effects of EGCG could be extended to other ER
negative cells, the I\/IDA;MB-231 and D3-1 breast cancer cell lines were selected. The D3-1 line was
derived by DMBA-mediated transformation of non-malignant MCF-10F human m'ammary epithelial
cells [Calaf and Russo, 1993]. MDA-MB-231 cells displayed an EGCG dose-response curve similar
to that of Hs578T cells (Fig. 2C), while the D3-1 cells were somewhat more sensitive (Fig. 2D). The
apparent higher sensitivity of the D3-1 line was extended to trypan blue analysis in order to assess
EGCG-mediated death of D3-1 cells. A signiﬁcant level of cell death was detected even at 80 pg/ml,
and 90—100% of the cultur.ed cells had died within 48-72 h of incubation in tﬁe presence of 160
pg/ml EGCG (Fig. 4). Thus, EGCG slows growth and induces death of ER- breast cancer celi lines
ina dosé-dependent fashion.

p27Kipl Cyclin-Dependent Kinase Inhibitor Expressi(;ﬁ is Induced by EGCG Treatment

Since the p275"! CKI has been implicated in control of cell cycle progression, we meésured the
effects of EGCG treatment on the levels of p27¥"' CKI protein in Hs578T cells. Cultures of
exponentially growing cells were treated for 24 h with 40 or 80 ug/ml EGCG, aé appropriate to
inhibit cell proliferation. Whole cell extracts were prepared and subjected to immunoblot analysis for
p275"! protein expression (Fig. 5A). A small increase in the p27"" levels was observed in response

to treatment with 40 pg/ml EGCG (1.5-fold relative to untreated control cells), which causes a slight
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decrease in growth. A larger increase in p27Kipl level was noted with 80 pg/ml EGCG (2.8-fold
relative to untreated cells). We then assessed the effects of a longer (48 h) period of EGCG treatment
(Fig. 5B). Growth for 48 hours alone resulted in an increase in p27Kipl levels, likely due to the
increase in cell density (2.8-fold). EGCG treatment cleaﬂy elevated the p27%"" levels even further
(5.5-fold). Thus, growth arrest of HS578T cells in response to EGCG treatment is accompanied by
an increase in the level of expression of the CKI p27%P,
Ectopic Expression of p27%"! Arrests Gi'owth of HsS78T Cells

To determine the role of induction of p275"" protein in Hs578T breast cancer cell, the
LacSwitch inducible expression system was used. Mixed populations of stable Hs578T-p27S and
Hs578T-neo population of cells were isolated. Since we have found that the response of the mixed
populations is relatively minimal due to the presence of cells expressing only low levels, three
single cell clones of Hs578T- p27S cells were isolated by limiting dilution (Hs578T-p27S #2, #3,
#4). To test for induction of p27K4ipl expression, the mixed pqpulations of Hs578T-p275 and
Hs578T-neo cells, and the three HsS78T- p278 clones were treated with 0, 10 or 20 mM ITPG, as
indicéted (Fig. 6A). Total cellular proteins were extracted and samples (50 ug) subjected to
imlhunoblot analysis for p275*' expression. A véry high level of induction of the p27<"" protein
was detected in the Hs57 8T-p27S cells at both concentfations of ]fPT'G' (Fig. 6A, upper panel). In
contrast, control Hs578T-neo cells showed essentially no induction of the p27%"! protein. As
expected, the Lac I représsor protein was detected at high levels in extracts from both cell
populations, confirming equal loading (Fig. 6A, lower panel). One of these clones (Hs578T-p27§
#3) showed a very high level of p27Kipl induction upon 10 mM IPTG treatment (Fig. 6B, upper
panel); whereas, the two other clonal isolates (Hs578T-p27S #4, and Hs578T-p275#2) displayed no
s.igniﬁcant increase in p27Kipl levels (Fig. 6B, lower panel and data not shown). Thus, we selected

the Hs578T-p2 7S mixed population and Hs578T-p27S #3 for study of the effects of p27%P!
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induction on cell cycle, while the Hs578T-neo mixed population and Hs578T-p27S #4 cells served
as negative controls.

The Hs578T-p278, Hs5787T-neo, Hs578T-p278 #3 or Hs578T-p27S #4 cells were treated, in
triplicate, with IPTG for 24 h and analyzed on a Becton-Dickson FACScan flow cytometer (Fig. 7
and Table 3). Approximately, 64.4 +/- 0.4 % of the Hs578T-p27§ cells treated with IPTG were in
the GO/G1 state, compared to 57.2 +/- 1.9 % when untreated. As expected, the Hs578T-reo cells had
essentially equivalent cell cycle distribution in the presence or absence of IPTG. IPTG treatment of

Hs578T-p278 #3 cells resulted in GO/G1 arrest of 82 +/- ‘0.5 %, compared to 62.5 +/- 1.9 % in
| untreated cells (Fig. 7). Clone Hs578T-p27S #4 cells, which showed no induction of p275%! Jevels,
displayed no significant difference in the cell cycle distribution with respect fo IPTG treatment (Fig.
7). Taken together these results indicate the inductioh of the p27¥P! protein participate in the GO/G1

arrest of Hs578T breast cancer cells.

DISCUSSION

Here we show that green tea e>;tracts given to S-D rats in their drinking fluid significantly
decrease caréinogen—induced tumor burden and invasiveness and significantly increase latency to
first tumor. The cumulative probability of bearing a palpable tumor also was numérically decreased,
although this was not statistically significant. Similarly, doses of GTP and EGCG between ~40 to
80 pg/ml slowed growth of various ER negative breast cancer cell lines in cuiture, including
Hs578T, MDA-MB-231 and D3-1. Slowef growth could be related m part to induction of p27%P
protein, which causes an arrest“ of cells at the G1/S phase transition. Higher doses of EGCG (~80 to
160 pg/ml) were shown to cause death of breast cancer cells, at least in part due to apoptosis as
judged by TUNEL assay (data not'shown). Thus, these data extend the findings of other groups on

the anti-carcinogenic properties of green tea [rev. in Yang et al., 1997]. Overall, these results
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confirm the anti-carcinogenic properties of green tea polyphenols on mammary tumor formatioh in
vivo. Importantly, the data presented here were obtained, for the first time, using drinking fluid as
the route of administration of the green tea, rather than feed, thus modeling human exposure to
green tea polyphenols. We demonstrate also the ability of GTPs to slow growth of breast cancer
cells in culture. These observations provide both in vivo and cell culture evidence in support of a
role for green tea components in chemoprevention and, possibly, chemotherapy of breast cancer.
The p27%?! CKI was originally characterized as a protein able to interrupt CDK2 kinase
activity in TGF-B1-treated cells, and in a yeast two hybdd system as being able to interact with
cyclin D and CDK4 [Polyak et al., 1994; Toyoshima and Hunter, 1994]. The CKi p27Kipl is now
| known to bind to and inhibif complexes formed by cyclin E-CDK2, cyclin A-CDK2, and cyclin D-
CDK4, playing essential roles in transition through the G1 phase, in particular the restriction point
[Sherr and Roberts, 1999]. Here we demonstrate that increased levels of p275P! can prevent cell
cycle progression of Hs578T breast cancer cells, with arrest occurring prior to entry into S phase.
The ability of EGCG to induce p27<"' expression in breast cancer cells provides a mecham'sm for
the observed reduction in growth rate. Similar effects on p27Kipl were reported recently by Liang et
al. [1999]. Interestingly, a high level of ectopic expression of p27Kipl faiied to result in apoptosis or
cell death of Hs578T cells, indicating that other molecular events are induced by EGCG treatment.
Interestingly, many human malignancies, including cancers of the breast, sfomach, colon,
lung, esophagus, prostate and pituitary [reviewed in Cariou et al., 1998; Lloyd et al., 1999}, are
typified by very low basal levels of p27%"! protein. Reduced p27%"! protein levels has been
correlated with more aggressive, poorly differentiated cancers [Cariou et al., 1998, Han et al., 1999]
and indicate a poorer prognosis [Catzavelos et al., 1997, Gillett et al., 1‘999; Han et al., 1999]. In
breast cancer, several studies have correlated decreased p27Kipl levels with increased malignant

behavior. Catzavelos et al. [1997] completed an informative study of 168 breast cancer patients who

14




had undergone primary surgery between 1986 and 1992. Patients were divided into two categories
based on their degree of elevation of p27%"! protein levels. High p27%%"! protein levels were found
in patients with less aggressive types of tumor, while lower levels were detected in those with a
high grade of malignant tumor. Furthermore, those patients displaying axillary lymph node
involvement displayed similar or even lower p27%"! protein levels in the nodes in question.
Moreover, Kaplan-Meier curves of disease-free survival were constructed and indicated a
significantly shorter disease-free survival with decreased p27%P! protein levels. These findings led
the investigatoré to conclude that a decrease in p27K""l level facilitates breast cancer progression.
Similar results were obtained from a study of 102 female breast cancer patients with lymph node
metastasis conducted by Tsuchiya et al. [1999]. In this study, a significant positive correlation was
also found between p27Kipl levels and estrogen receptor (ER) status. Similarly, Gillett et al. [1999]
- observed that high p27°"" protein levels Were associated with smaller, well-differentiated, more
slowly proliferating tumors with ER positive status. In addition, these patients were also shown to
have a significantly longer survival than those with low p275"®! Jevels, unless they also had high
levels of cyclin D1. In effect, overexpression of cyclin D1 appeared to overcome the detrimental
effect of low p27X"®! levels. Similar results have been shown by other groups [Fredersdorf .et al.,
1997; Porter et al., 1997; Tan et al., 1997].

In animal models, green tea extracts inhibit chemical-carcinogenesis, including cancers of
the gastrointestinal tract, lung and skin in mice [Fujita et a., 1989; Wang et al. 1989; Wang et al.,
1991; Conney et al. 1992; Huang et al., 1992; Katiyar et al. 1992; Taniguchi et al., 1992; Wang et
al., 1992a; Wang et al., 1992b; Pingihang et al. 1994; Wang et al. 1994; Wang et al. 1995]. It has
been reported also that EGCG inhibits the growth of human breast and prostate tumors transplanted

into athymic mice [Liao et al. 1995]. Two studies of mammary gland carcinogenesis in rats

provided suggestive evidence of a chemopreventive effect of green tea [Hirose et al. 1994; Hirose et
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al. 1995]. One study of rats fed a high fat diet and given black tea to drink showed a reduction in
tumor multiplicity compared to rats given water [Weisburger et al. 1997]; results in rats fed control
diet were not reported. One study using a diet containing 1% green tea catechins fed to female
Sprague-Dawley rats showed that tea was effective in reducing mammary gland tumorigenesis in
the promotion7 but not the progression, stages of carcinogenesis [Hirosé et al. 1997]. Consistent
with these findings, several studies have also found that green tea treatment of breast cancer cells in
vitro reduces their rate of proliferation [Araki et al., 1995; Chen et al., 1998; Liang et al., 1999]. In
these studies, we have shown the effects of green tea on garcinogen—inducéd tumor burden in rats

and extended the in vitro findings to additional cell lines.
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Figure Legends

Fig. 1. Cumulative probability of bearing a palpable tumor in DMBA-treated female Sprague-

Dawley rats as a function of green tea. Rats were given 15 mg/kg body weight DMBA at eight

weeks of age.

Fig. 2. GTPs and EGCG slow growth estrogen receptor negative breast cancer cells in a dose-
dependent fashion.

A) Effects of GTPs on Hs578T cells. Hs578T cells were plated, in triplicate, at é. density of 3.9 x
10° cellsv/cm2 in 96 well plates. After qvernight incubation, GTP was added at a concentration of 0,
40, 80 or 160 pg/ml, as indicatéd. Cultures incubated for an additional 24, 48 or 72 h. Cell
proliferation was quantified by conversion of MTS dye to its formazan product read at OD490nm.
The data are presented as the mean +/- SD.

B) Effects of EGCG on Hs578T cells. Hs578T cells were platéd, in triplicate, at a density of 3.9 x
10? cells/cm?®. After overnight incubation, EGCG was added at the indicated concentration dissolved
in DMSO or the DMSO vehicle alone rwas adaed as control (0 pg/fnl). Cultures were then incubated
and processed as above in Part A.

C) Effects of EGCG on MDA-MB-231 cells. MDA-MB-231 cells were plated, in triplicate, at a
density of 6 x 10? cells/cm?. After overnight incubation, EGCG was added and culfures processed as
above. A significant decrease in cell numbers was seen at all doses (p<0.05).

Dj Effects of EGCG on D3-1 cells. b3-1 cells were plated, in triplicafc, at a density of 7 x 10°
cells/cm?, and treated with EGCG aﬁd processed as above. A statistically signiﬁcant decrease was

achieved at 80 and 160 pg/ml EGCG (p<0.05).
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Fig. 3. Higher doses of EGCG kills Hs578T cells as measured by trypan blue staining. Hs578T cells

were plated, in triplicate, at 2.6 x 10® cells/cm? in 6 well plates. After overnight incubation, EGCG
was added at 80 or 160 pg/ml in DMSO or the DMSO vehicle alone was added as control (0
pg/ml). After an additional 24- or 48-h period, both adherent and floating cells were harvested and

subjected to trypan blue analysis for dead cells. Values of the percentage of trypan blue positive

cells are given as the mean +/- SD.

Fig. 4. EGCG reduces viability of D3-1 cells. D3-1 cells ‘were plated, in triplicate, ata 7 x 10°
cells/cm®. After overnight incubation, EGCG was added at 40, 80 or 160 pg/ml in DMSO or the
DMSO vehicle alone was added as control (0 pg/ml). After an additional 24, 48 or 72 h period, both

adherent and floating cells were harvested and subjected to trypan blue analysis for dead cells.

Values of the percentage of trypan blue positive cells are given as the mean +/- SD.

Fig. 5. EGCG induces p27<"' expression. A) Hs578T cells were incubated in the presence of 0, 40,
or 80 pg/ml in DMSO for a 24-h peﬁod and total protein extracts prepared and subjected to

- immunoblotting for‘expression of p27Ki‘”1 and B-actin protein. B) Twenty-four hours after plating, -
Hs578T cultures were either harvested directly (0 h) or incubated for 48 h in the presence of 80 |
pg/ml EGCG or the equivalent volume of DMSQ. Total prot_éin extracts were prepared, and

analyzed as in Part A.

Fig. 6. Ectopic expression of p27<"" protein is induced by IPTG treatment in Hs578T-p27S cells.
A) Cultures of mixed populations of Hs578T-p27 and -neo cells were treated with 0, 10, or 20 mM

IPTG for 28 h and total cellular proteins were extracted. Samples (50 ug) were subjected to

25




immunoblot analysis using antibodies to the p27Kipl (Pharmingen 13231A) (upper panel) and the
Lac I‘repressor protein (Stratagene #217449) (lower panel). |

B) Three clonal isolates were derived from the Hs578T-p27S cells by limiting dilution, tested for
induction of p27°""! protein upon freatment in the absence or presence of 10 mM IPTG, as above in

part A. Hs578T-neo cells were tested similarly, as negative control.

Fig. 7. FACS analysis of individual Hs578T-p27S clones.

Hs578T-p27S #3 clonal populations, and Hs578T-neo ce}ls were treated in triplicate with 10 mM
IPTG for 24 h, and analyzed on a Becton-Dickson FACScan flow cytometer for cell cycle
distribution. The upper panel shows a representative flow cytometfy results for Hs578T-p27S #3

and the Hs578T-neo cells in the absence or presence of IPTG.

26




Cumulative Probability

0.0]

> i @

b

._T—I::

8

9 10 11 12 13 14 15 16 17

Week Post-DMBA Administration

¢ Water

. Green Tea
(0.3%)

Fig.1, Kavanagh et al




Te 3o ybeueaey ‘Z°6T4

(1) dumuLy,

(um()a;) NUBQ.I0SqQY

8

(uaagep) Pueqrosqy

8

A = - - -e & & & o

(wuggy) PURGIOSYY

3

(wugeh) URQIOSqY

(

<




60

50
2 "
po—
S
e 40
=
b
05 o
=]
R
8 30-
p—
=]
g '
£
[ -
= 20
N
107
0_

0
B 80
160

Fig.3, Kavanagh et al

-




E 160

i ]
[} (=)
72} <

S[I3D) dAnIsoq anjg uedAi], %

307

20 7

107

Fig.4, Kavanagh et al

Time (h)




‘Ie 10 ySeueaeyy ‘G ‘314

= —— UI)OE-(

(Ju/Sn) HHHH 08 0 0

(y) yeamy-1sod 8y 8 0

——— U)IE-g

(qu/3n) 5HHH 08 OF 0




[ 10 ySeueaey ‘9 ‘81

EEBNQ an—-
DOLdI o1 O

b# dUO[)

L7 ge— *
0

OLdI 0I 0 oI

0U-J8LSSH  €#°3U0[D

| 1°¥]

0Z OI 0 0T OI 0 DLdI
0au-18LSSH SLZ4-18LSSH

0C O 0 0T O 0 OLdI

0ou-18LSSH S/Z4-18LSSH
v




1e 10 ySeueaey] ‘/ ‘S11

WEOH-T1E . WBPH-Td

o owlemTH WRHTI
. o

DLAI-

STERAY

SIUDATY

9

)

C# UOo|D oou-18.LSSH




Table 1

DMBA-induced Mammary Tumor Incidence, Number and Weight
in Female Sprague-Dawley Rats Drinking Tea or Water

Tumor Tumor No.  Tumor Wt. (g) Latency (days)
Group Incidence (%)" per TBA® per TBA to 1st Tumor
Water (CG2) 53 3.0+1.6 8.3+6.9 66+14°
Green tea (TG2) 80 1.9+1.6 2.5+4.5°¢ 84+21

#15 rats per group

"TBA = tumor bearing animal; values given are mean + S.D.
“significantly less than water-fed (CG2) control animals (p=0.03)
dsigniﬁcantly shorter than green tea-fed (TG2) animals (p=0.001)




Table 2

Number of Noninvasive and Invasive Tumors
per Tumor Bearing Animal (TBA)

-Histology Group Number/TBA*
Noninvasive Water (CG2) 1.2+1.0
Green tea (TG2) 1.5+1.4
Invasive Water (CG2) 1.5+1.8
Green tea (TG2) 0.2+0.4°

* mean + S.D.
® significantly less than water-fed (CG2) control animals (p=0.025)




Table 3. Summary of FACS Analysis of Hs578T-p27S and Hs589T-neo Cells

Cell Types Average Gy/G1
+/-Standard Deviation
Hs578T- MP Untreated 572 +/-1.9
p278 MP + IPTG 64.4+/-0.4
Clone#3 Untreated 162.5+/-1.9
Clone#3 + IPTG 82.1+/-0.5
Clone#4 Untreated ’ 60.6 +/- 1.0
Clone#4 +IPTG 60.6 +/-1.6
Hs578T-neo | MP Untreated 56.0 +/- 1.1
MP + IPTG 584 +/-1.1

FACS analysis was performed to determine the cell cycle distribution of the cells upon
induction of the p27kip!1 proteins in the mixed population (MP) of Hs578T-p27S cells,
and the clonal populations (Clone #3 and Clone #4). The MP Hs578T-p27S, Clone #3,
Clone #4, and MP Hs578T-neo control cells were treated in triplicate with 20 mM IPTG.
After 24 hours, the cells were washed in cold PBS, trypsinized and pelleted, and
resuspended in 0.5 ml hypotonic fluorochrome solution containing 5.0 ug/ml P1, 1%
sodium citrate, and 0.1% Triton X-100. Cells were then analyzed in Becton-Dickson
FACScan flow cytometer for cell cycle distribution. The results of the average cell cycle
distribution of the cells are summarized above.




